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ABSTRACT 
 
        Bomb threats and attacks are common in many parts of the world today. One of the 
significant effects of a blast is damage to the glass windows in nearby buildings. The 
debris produced from the damaged windows, especially the sharp glass fragments 
produced, can lead to severe injuries and even casualties. One way to mitigate the 
damage is to use blast-resistant laminated glass, which is conventionally made of one or 
more polyvinyl butyral (PVB) interlayer sandwiched between two or more glass sheets, 
for windows. Although the PVB interlayer is widely used in the world, it still has some 
disadvantages, such as low strength to weight ratio which results in large thickness and 
increased weight of the laminated glass. The low strength to weight ratio problem can be 
solved by replacing the PVB interlayer with a transparent glass fiber-reinforced polymer 
composite interlayer, because glass fiber-reinforced composites have high strength to 
weight ratio and potentially higher fracture toughness. By using the glass fiber-reinforced 
composite interlayer, the thickness and weight of the laminated glass can be potentially 
reduced.  
        A laminated glass panel utilizing a newly developed transparent glass fiber-
reinforced composite interlayer has been fabricated in this study. The transparent 
composite interlayer was obtained by matching the refractive index of the polyester resin 
matrix with that of E-glass fibers. The light transmittance of the fabricated laminated 
glass is above 60% over the light wavelength range of 482 nm to 700 nm with the highest 
transmittance is 84.4% when the light wavelength is 577 nm. The composite interlayer’s 
mechanical properties under both quasi-static and dynamic loading conditions have been 
xii 
 
characterized. In addition, the fabricated glass panels were tested under various blast 
loading conditions. The panels perform well under U.S. General Services Administration 
(GSA) specified C, D and E blast loading levels. 
        In this research, the dynamic response, in terms of the midpoint deflection, of the 
fabricated laminated glass under blast loading has been analytically investigated using 
model-based method and finite element method. Failure analysis of the laminated glass 
was performed using the stress analysis approach.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 
 
CHAPTER 1 INTRODUCTION 
 
1.1 Problem statement 
          Bomb threats and attacks are now common in many parts of the world. One of the 
significant effects of a blast is damage to the glass windows in nearby buildings. The 
sharp glass fragments produced from the damaged windows can lead to large casualties. 
And blast pressure entering buildings through the damaged windows can cause additional 
injuries to the occupants. So the need of mitigating the hazards caused by windows 
failure is essential.  
          One way to mitigate the damage is to use blast-resistant laminated glass, which is 
conventionally made of one or more polyvinyl butyral (PVB) interlayer sandwiched 
between two or more glass sheets, for windows. PVB is chosen as the interlayer material 
mainly due to its optical transparency. Although laminated glass with PVB interlayer is 
widely used in the world, it still has some disadvantages, such as large thickness 
requirement for blast resistance, which increases the production cost and installation cost. 
The thickness and weight can be potentially reduced by replacing the PVB interlayer with 
a glass fiber-reinforced polymer composite interlayer, because glass fiber-reinforced 
polymer composites have high strength to weight ratio.  
        Typically glass fiber-reinforced polymer composites are opaque. The low 
transparency (light transmittance) is due to the refractive index mismatch between glass 
fibers and the polymer matrix. The transparency increases with the decrease of the 
refractive index difference. However, only a basic understanding of the relationship 
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between the transparency and the refractive index difference is available. A quantitative 
understanding of the relationship is needed. 
        A study of the dynamic response of a blast-resistant laminated glass under blast 
loading is important for understanding the effect of blast loading on the laminated glass. 
Although the dynamic response of the laminated glass with PVB interlayer under blast 
loading has been widely studied, the dynamic response of the laminated glass with glass 
fiber-reinforced polymer composite interlayer under blast loading has not been studied 
yet. So, such a study is needed.  
    This research focuses on fabricating a laminated glass panel utilizing a transparent 
glass fiber-reinforced polymer composite interlayer. The transparency of the composite 
interlayer is achieved by matching the refractive index of the polymer matrix with that of 
glass fibers. The relationship between the transparency and the refractive index difference 
is quantitatively studied. The dynamic response of the fabricated laminated glass under 
blast loading is also investigated. 
 
1.2 Literature review-blast and its hazards 
1.2.1 Blast and blast effect on structures 
        A blast is a sudden release of stored energy. When a blast happens, rapid expansion 
of energy resulting from the blast gives rise to a wave of compressed air which is called 
shock front. The shock front travels radially in air in all directions. As the shock front 
moves, the shock front releases energy to surrounding air and the overpressure of the 
shock front decreases. When the pressure of the shock front drops below the atmospheric 
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pressure, surrounding air gives energy to the shock front and the pressure of the shock 
front finally returns to the atmospheric pressure [1]. The whole process is shown in Fig. 
1.1 [2].   
Timetp
Atmospheric 
pressure
Pa
Pm
P
o=
P
m
-P
a
 
Figure 1.1 Shock front expanding process 
     
        The pressure-time curve shown in Fig. 1.1 can be described using the following 
equation [3] 
 
    - /= 1- / e (1.1)pt to pP t P t t

 
 
where P(t) is the blast pressure at time t, Po is the peak pressure,   is a constant and tp is 
the positive pressure duration time. According to references [3, 4], the key parameters of 
a blast are: peak pressure Po, constant   and positive pressure duration time tp. 
        Blast effect on structures can be divided into three types. In the first type, the shock 
front is stopped by a relatively small structure. In this case, blast wave simultaneously 
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acts on the entire structure and the structure is massive enough to resist translation. In the 
second type, the shock front is stopped by a structure which is much smaller than the 
structure in the first case. In this case, blast wave also simultaneously acts on the entire 
structure but the structure is small enough to be moved by the blast wave. In the final 
type, the shock front is stopped by a big structure. The shock front is too small to act on 
the whole structure simultaneously. Instead of simultaneously loading, the structure is 
affected in succession [5].  
 
1.2.2 Blast hazards 
        Every year, numerous blast events take place in the United States. These blasts are 
usually small blast events (explosive weights are equal or less than 10 lb (4.53 kg) TNT 
(2, 4, 6-trinitrotoluene)) [6]. The damage caused by such blasts is small. However, large 
blasts occur infrequently, such as bombing in Oklahoma City, Oklahoma [7], the first 
bomb attack on the World Trade Center, New York City, New York [8], bombing in 
Manchester City, England [9] and attack on Embassy of Australia in Jakarta, Indonesia 
[10]. For those blasts, 1000 lb (453 kg) or more explosives were used. Under such blast 
loadings, experience shows that the most damage occurs to the windows of surrounding 
buildings [11]. Windows, which are made of ordinary glass, usually break into pieces in 
such situations (Fig. 1.2). The broken pieces can travel at a speed up to 200 ft/sec (61 
m/s) [12], which can cause great injuries and even deaths [7, 13]. In the Oklahoma City 
bombing, 508 persons suffered injuries outside the Alfred P. Murrah building (the 
attacked building) [6]. Of these, 200 injuries were directly related to the broken glass 
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fragments. In addition to glass fragments, blast pressure passing through the broken 
windows may cause additional injuries because it only needs 15 psi (~100 kPa) pressure 
to rupture eardrums and cause lung damage and pressure created by an explosion can be 
very high (higher than 15 psi) [14]. Hence, the need of mitigating the hazards caused by 
windows failure is essential. One way to mitigate the damage is to use laminated glass for 
windows. Using laminated glass can significantly reduce the possibility of generating 
fragments during a blast loading (Fig. 1.3). 
     
 
 
 
Figure 1.2 Glass fragments produced in Oklahoma City bombing (Reprinted with permission from “Survey 
of window glass broken by Oklahoma City bomb on April 19, 1995, revised”, copyright belongs to Glass 
Research and Testing Laboratory, Texas Tech University). 
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Figure 1.3 Laminated glass window and door fractured but remaining in frame in Oklahoma City bombing 
(Reprinted with permission from “Survey of window glass broken by Oklahoma City bomb on April 19, 
1995, revised”, copyright belong to Glass Research and Testing Laboratory, Texas Tech University). 
 
 
1.3 Literature review-laminated glass 
        Laminated glass, which is normally used in the places where human injury may 
happen [2, 15, 16] or where glass may fall if shattered [17], was invented  in 1910 by a 
French chemist Edouard Benedictus [18], who first patented the use of gelatin as the 
interlayer between glass sheets. Gelatin interlayer binds two normal glass sheets together 
and this glass “sandwich” looks like normal glass and behaves as a single unit. 
    The glass sheets used to make laminated glass are usually tempered glass sheets. 
Tempered glass is produced by first heating annealed glass (the most common glazing 
material used in residential windows) and then rapidly cooling the glass. This treatment 
gives additional strength to the glass. So, tempered glass is stronger than annealed glass 
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of the same dimension. The typical tensile strength of tempered glass (more than 175 
MPa) is much higher than that of annealed glass (around 40 MPa) [15, 19]. Another 
advantage of tempered glass is that tempered glass tends to break into relatively small 
and blunt edges fragments under external loading. This reduces the possibility of injury to 
people. Therefore, instead of annealed glass, tempered glass is chosen to make the 
laminated glass in this study. 
    With the development of technique, instead of gelatin, the interlayer of modern 
laminated glass is made of polyvinyl butyral (PVB).  Polyvinyl butyral (PVB) is a resin 
used for applications that require optical transparency, strong binding, high toughness 
and high flexibility [20]. PVB is prepared by reacting polyvinyl alcohol with 
butyraldehyde. The synthesis process of PVB is shown in Fig. 1.4. 
 
CH
OH
CH2 CH CH2
OH
+ CH3 CH2 CH2 CHO
H+H2O
CH2
CH CH
O O
CH
CH2
CH2
CH3
CH2
x
 
 
 
Figure 1.4 Synthesis process of polyvinyl butyral (PVB) 
Polyvinyl alcohol Butyraldehyde 
Polyvinyl butyral 
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    PVB has many applications, such as solar modules [21] and ceramic binders [22]. 
The major application of PVB is for fabricating the interlayer of laminated glass. The 
reason for using PVB as the interlayer is: firstly, PVB is colorless; secondly, PVB 
interlayer can bind the resulting glass fragments when the outer layer glass sheets are 
broken; Last but not least, PVB has good energy absorption ability which is due to its 
plastic deformation after impacting.  
    Currently, PVB is a mature product and is provided by a number of companies, 
including Chung Petrochemicals (“WINLITE” brand PVB, Taiwan), Sekisui (“S-Lec” 
brand PVB, Japan), DuPont (“Butacite” brand PVB, United States), Eastman (“Saflex” 
brand PVB, United States) and Kuraray Europe GmbH (“Trosifol” brand PVB and 
“Mowital/Pioloform” brand PVB, Germany) [20]. 
    Besides PVB, there are other types of interlayer materials in use, including 
transparent thermoplastic polyurethane (TPU) [23] and transparent polycarbonate (PC) 
[24].  
    Transparent TPU is a kind of polyurethane which has high optical clarity and 
excellent adhesion property to glass. TPU also offers excellent resistance to hydrocarbon 
oil, chemicals and moisture [25]. The combination of these features enables the laminated 
glass designers to use it as the interlayer of laminated glass. The shortcoming of TPU is 
its low mechanical properties. For example, the Young’s modulus of TPU is around 60 
MPa (at room temperature (~20 ºC)) [26], which is much lower than that of PVB (~100 
MPa at room temperature (~20 ºC)) [27].  Because of its low mechanical properties, the 
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impact resistance of the laminated glass with TPU interlayer is lower than that of the 
laminated glass with PVB interlayer. 
        PC is a thermoplastic polymer. Compared with other transparent polymers, the 
advantage of PC is that it is very tough [24, 28]. If a blast happens near a laminated glass 
with PC interlayer and the outer layer glass sheets of the laminated glass shatter, the PC 
interlayer may be able to prevent the penetration of debris by bulging plastically [29]. 
The main problem for PC, which is not a big problem for PVB, is that it embrittles with 
age. The embrittlement is due to 1) physical aging (thermodynamic equilibrium) [30], 2) 
chemical changes due to exposure to ultraviolet (UV) light, ozone, nitrogen oxides, 
moisture, etc. [31-35], 3) physical damage, e.g. surface microcracks introduced by solar 
radiation [36].  
    Compared with TPU (low mechanical properties) and PC (aging problem), it can be 
noted that PVB is a better interlayer material for laminated glass. But PVB is not the 
perfect interlayer material, it has some drawbacks, such as relatively low strength to 
weight ratio. According to literatures [37-40], glass fiber-reinforced polymer composite 
materials possess high strength to weight ratio. Therefore glass fiber-reinforced polymer 
composite is a potential replacement for PVB. 
 
1.4 Literature review-glass fiber-reinforced polymer composite 
1.4.1 Polymer composite 
    Polymer composite materials are engineering materials made from two or more 
materials. The major advantages of polymer composite materials are that they have high 
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strength to weight ratio, are economical, light in weight, weather resistant, chemical 
resistant and corrosion resistant. A polymer composite is composed of reinforcement and 
polymer matrix. The matrix holds the reinforcement to form a material with better 
properties. Based on the form of reinforcement, polymer composites can be classified as 
fiber-reinforced composite, particle-reinforced composite, flake-reinforced composite and 
filler-reinforced composite (Fig. 1.5). Compared with other composites, fiber-reinforced 
polymer composite, especially woven fiber-reinforced composite, doesn’t have the 
reinforcement agglomeration problem which may lead to the decrease of strength [41-
43]. So, fiber-reinforced composite is the most widely used polymer composite.  
 
Particle-reinforced compositeFiber-reinforced composite
Flake-reinforced composite Filler-reinforced composite
 
 
Figure 1.5 Polymer composites classification 
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    For fiber-reinforced composite, the most commonly used fibers are glass fibers, 
aramid fibers and carbon fibers. The properties and cost of these fibers are listed in Table 
1.1 and Table 1.2 respectively. From Table 1.1, it can be observed that all these fibers 
have good mechanical properties. From Table 1.2, it can be noted that the price of aramid 
fibers and carbon fibers is much higher than that of glass fibers. Because of the price 
advantage, glass fiber is the most widely used reinforcement material. 
 
 
Table 1.1 Properties of fibers [44] 
Material E, GPa b , GPa  , 10
3 
kg/m
3
 /E  , MJ/kg /b  , MJ/kg 
E-glass 
S-glass 
Aramid 
HS carbon 
HM carbon 
70 
85 
124 
253 
520 
2.4 
4.5 
3.6 
4.5 
2.4 
2.54 
2.49 
1.44 
1.8 
1.85 
28.5 
34.3 
86 
140 
281 
0.95 
1.8 
2.5 
2.5 
1.3 
E is Young’s modulus, 
b is tensile strength,  is density, HS carbon is the high strength carbon and HM 
carbon is the high modulus carbon. 
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Table 1.2 Cost of fibers [15, 45] 
Material Cost, $/kg 
E-glass 
S-glass 
Aramid 
HS carbon 
HM carbon 
~2.2 
~20 
~50 
70-200 
150-600 
 
 
1.4.2 Glass fiber-reinforced polymer composite 
    Glass fiber-reinforced polymer composite is a composite made of polymer matrix 
and glass fibers reinforcement. Incorporation of glass fibers into polymer matrix can 
greatly improve the mechanical properties of the polymer matrix. 
    Abdulmajeed et al. [46] found the mechanical properties of glass fiber-reinforced 
poly(triethyleneglycol dimethacrylate (TEGDMA)) could be enhanced by increasing the 
volume fraction of glass fibers. By increasing the volume fraction of glass fibers from 
51.7% to 61.7%, there was an increase of 27% in Young’s modulus, 34% in toughness, 
15% in load bearing capacity and 8% in flexural strength.                                                 
    Akkapeddi reported [47] that by incorporating 15 wt% of glass fibers in a polyamide 
nanocomposite, flexural modulus of the composite was increased by 49%, flexural 
strength was increased by 18%, tensile strength was increased by 30% and impact 
toughness was increased by 100%. 
    Iba et al. [48] fabricated a glass fiber-reinforced epoxy matrix polymer composite. 
They found Young’s modulus of the composite increased with the increase of the fiber 
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volume fraction. Young’s modulus increased linearly from about 4 GPa to 36 GPa with 
the fiber volume fraction increasing from 0% to 50%. They also found that the tensile 
strength of the composite increased linearly with the increase of the fiber volume 
fraction. They concluded that incorporation of glass fibers into the epoxy matrix could 
improve the mechanical properties of the epoxy matrix. Although adding glass fibers 
could improve the mechanical properties of the epoxy matrix, the authors reported that 
adding glass fibers decreased the transparency (light transmittance) of the epoxy matrix. 
They believed this is caused by the refractive index mismatch between glass fibers and 
the polymer matrix. 
    To sum up, adding glass fibers into a polymer matrix can greatly improve its 
mechanical properties, but the transparency of the glass fiber-reinforced polymer 
composite decreases due to the refractive index mismatch between glass fibers and the 
polymer matrix.  
    Iba et al. [49] reported that when glass fiber volume fraction was 10%, with the 
refractive index difference increased from 0.0005 to 0.0015, the light transmittance, at the 
light wavelength of 589 nm, of a glass fiber reinforced epoxy composite decreased from 
80% to 10%. 
    Olson et al. [37] tested the optical transparency of a glass fiber-reinforced poly 
(methyl methacrylate) (PMMA) composite. They found that the light transmittance of the 
composite decreased with the increase of the volume percentage of glass fibers. They 
stated that the reason for the reduction in the transmittance is due to the presence of more 
reflection interfaces (introduced by the presence of glass fibers) in the composite. If the 
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refractive index of glass fibers approaches that of the polymer matrix, the reflection will 
decrease. If glass fibers’ refractive index is the same as the polymer matrix’s refractive 
index, the reflection will be eliminated. In this situation, the number of fibers cannot 
affect the light transmittance of the composite and the composite will behave as an 
optically transparent material. Authors believed that good refractive index match between 
glass fibers and the PMMA matrix could increase the light transmittance (transparency) 
of the fiber-reinforced PMMA composite. 
    Lin et al. [50] thought the light transmittance of a glass fiber-reinforced composite 
depends upon the light extinction coefficient of the composite. The coefficient is a 
function of several factors: (a) the ratio of the refractive indices of glass fibers and 
polymer matrix; (b) the fiber content; (c) the distribution in the refractive index of fibers; 
(d) the fiber diameter; and (e) the amount of fibers not wetted by the polymer matrix. To 
achieve the highest light transmittance, glass fibers’ refractive index should match the 
matrix’s refractive index. They found the refractive index of glass fibers could be 
changed by annealing. According to this discovery, they fabricated a transparent glass 
fiber-reinforced PMMA composite by matching the refractive index of glass fibers with 
that of the PMMA matrix through changing the annealing condition of glass fibers.    
 
1.4.2.1 Polymer matrix 
    Plastic resins are commonly used as the matrix of glass fiber-reinforced polymer 
composites [51-54]. According to property differences, plastic resins can be divided into 
two groups, one is thermosetting plastic resins, and the other is thermoplastic plastic 
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resins. Thermosetting resin is the resin which is liquid before curing and is solid after 
curing. The cure can be done through heat, irradiation or chemical reactions [15]. 
Thermoplastic resin is the resin which is soft above a specific temperature and is hard 
below this temperature. Compared with thermoplastic resins, thermosetting resins, such 
as polyester, epoxy and vinyl ester, are more often used as the matrix materials. Because 
thermosetting resins are liquid at room temperature, this allows for convenient 
impregnation of glass fibers. Thermoplastic resins are usually solid at room temperature, 
so it is very difficult to impregnate glass fibers into thermoplastic resins. In order to make 
a thermoplastic fiber-reinforced composite, following procedures are used: 1) heat the 
matrix resin to its melting point; 2) impregnate fibers into the matrix; 3) cool the 
composite to room temperature (~20 ºC). This process is more complex and expensive 
than a thermosetting fiber-reinforced composite manufacturing process.  
    Polyester resin is the main matrix material for thermosetting fiber-reinforced 
polymer composite manufacture. It is a kind of polymer which contains ester functional 
group in the main chain. From Fig. 1.6, it can be seen that polyester resin holds 66% 
share of thermosetting resins used in composite industry [55]. Polyester is cheap, easy to 
use and compatible with glass fibers [15, 56].  
    Epoxy resin is another source for thermosetting fiber-reinforced polymer composite 
manufacture. Epoxy resin is a class of reactive polymers which contain epoxide groups. 
Epoxy resin contributes 23% share of thermosetting resins used in composite industry 
[55]. The annual output value of epoxy resin is very large. As of 2009, the output value of 
epoxy industry is more than 5 billion dollars in North America and about 15.8 billion 
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dollars worldwide [57]. The applications of epoxy resins are extensive and including 
adhesives, coatings and composite matrices. Epoxy has good mechanical properties, 
water resistance and high temperature resistance [58, 59]. 
    Vinyl ester resin is the third often used matrix material for thermosetting fiber-
reinforced polymer composite manufacture. Vinyl ester resin is manufactured by 
esterification of an epoxy resin with an unsaturated carboxylic acid. This resin is created 
like infusing epoxy molecules into polyester molecules. So, vinyl ester resin possesses 
both attributes of epoxy and polyester resins. Vinyl ester resin contributes around 5% 
share of thermosetting resins used in composites industry [55]. Vinyl ester resin has good 
water corrosion resistance, so it is the commonly used resin in marine industry.  
    From Fig. 1.7, it can be observed that among three resins, the properties of the 
epoxy resin are the best and the properties of the vinyl ester resin and the polyester resin 
are similar. From table 1.3, it can be observed that the price of polyester is the lowest. 
Consider cost-performance ratio, polyester is chosen as the matrix material in this 
research.   
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Figure 1.6 Thermosetting resins market share in composites industry (2007) [55] 
 
 
 
      
 
Figure 1.7 Tensile strength and modulus comparison among three resins [60] 
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Table 1.3 Price of resins 
Resin Name Price ($/Ton) 
Polyester 
Epoxy 
~1800 (FOB)* [61] 
~3000 (FOB) [62] 
Vinyl ester ~2400 [63] 
*FOB price: free on board price. 
 
1.4.2.2 Glass fiber 
    S-glass fiber and E-glass fiber are the most commonly used glass fibers. E-glass 
fiber is a kind of glass fiber which has high strength, high stiffness, good chemical 
resistance and good electric insulation properties. Compared with E-glass fiber, S-glass 
fiber is a kind of glass fiber which has better mechanical properties (Table 1.1). But E-
glass fiber is much cheaper than S-glass fiber (Table 1.2). By considering cost-
performance ratio, E-glass fiber is chosen as the reinforcement in this research. 
 
1.4.2.3 Summary 
        In this research, glass fiber-reinforced composite, which is intended to be used as the 
interlayer of a blast-resistant laminated glass panel, will be fabricated using polyester 
(matrix) and E-glass fibers (reinforcement). The outer layer glass sheets of the blast-
resistant laminated glass panel are tempered glass sheets.  
    The primary use of blast-resistant laminated glass (or other laminated plates) is to 
protect people from injuries under blast/impact loading conditions. Therefore, the 
response of a laminated glass (or other laminated plates) under dynamic loading is a very 
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important criterion for measuring the suitability of the laminated glass (or other laminated 
plates). 
 
1.5 Literature review-dynamic response of laminated plates under blast 
loading 
        Much work has been done to understand the effect of dynamic loading, such as 
small missile impact loading and blast loading, on laminated plates such as laminated 
glass and laminated polymer composite. 
        Ji et al. [64] studied the probability of damage at the impact site of laminated glass 
units under low velocity small missile impact loading. A numerical model was introduced 
to characterize the probability of damage. According to their report, the probability of 
damage at the impact site could be predicted by the developed numerical model. 
Calculated results were in good agreement with the experimental results. 
    Kaiser et al. [65] presented experimental results of low velocity, small steel ball 
impact tests on laminated glass plates with polyvinyl butyral (PVB) interlayer. Their 
results showed that increasing the interlayer thickness and increasing the inner glass sheet 
thickness could significantly increase the steel ball impact velocity required to break the 
inner glass sheet. 
        Larcher et al. [66] experimentally studied the response of impact-loaded laminated 
glass with PVB interlayer. They conducted their experiments at a shock tube facility. 
Besides experiments, they also used several numerical models, such as layered model and 
solid 3D model, to simulate the response of the impact-loaded laminated glass. They 
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found that the layered model could efficiently simulate the experimentally measured 
results, also in cases where the interlayer failed. The 3D solid model could also simulate 
the experimental results, though requiring larger computational power. Lusk et al. [67] 
also experimentally studied the response of impact-loaded laminated glass with PVB 
interlayer. Three samples were tested using a full-scale shock tube. Instead of numerical 
modelling, Lusk used the commercial finite element code LS-DYNA to simulate the 
dynamic response of the laminated glass. The results simulated by LS-DYNA agreed 
well the experimentally measured results. Lusk stated that the mechanical properties of 
the materials that were used to fabricate the laminated glass were the most important 
parameters for LS-DYNA inputs and should be tested before simulation. 
        Turkmen et al. [68] performed blast tests on a stiffened laminated plate (carbon fiber 
fabric) and measured blast pressures and strains at different points on the stiffened 
laminated plate and its stiffener. After analyzing the measured strain data, Turkmen 
stated that the peak strain of the laminated plate depended on the peak pressure value and 
the strain variation with time depended on the pressure variation with time. The authors 
also numerically modelled the response of the plate and reported the numerical results 
correlated well with the experimental results. 
        Wei et al. [2, 69, 70] investigated the dynamic response of laminated glazing with 
PVB interlayer subjected to blast loading through theoretical approaches. They presented 
two models, which are based on the classical small deflection plate theory and von 
Karman’s large deflection plate theory, respectively, to characterize the response of the 
laminated glass under blast loading. For comparison, they also simulated the dynamic 
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response using a 3D finite element code LS-DYNA. The model-predicted results matched 
with the finite element analysis results. The authors also studied the damage probability 
of the laminated glass subjected to blast loading. Their results showed that newly 
fabricated laminated glass panel could withstand higher blast loading than old ones and 
decreasing outer glass sheet thickness and increasing inner glass sheet thickness while 
keeping the total thickness of the laminated glass constant is an economical way to 
increase the blast resistance of the laminated glass. 
    Amadio et al. [71] visited the problem of the behavior of a conventional glazing 
structure (glass curtain wall) subjected to high- and low-level air blast loading. The 
authors found that additional deformability and additional energy dissipation ability could 
be provided to the conventional glass curtain wall by adding viscoelastic (VE) devices at 
the frame corners of the glass curtain wall. The VE device was made of two metallic 
plates and a middle rubber (viscoelastic material) layer. VE devices were positioned 
between the frame of the glass curtain wall and the structural backup of it. The authors 
discovered that VE devices could reduce the maximum stresses in the glass curtain wall, 
reduce the deflection of the total structure and decrease the maximum reactions 
transmitted to the structural backup.  
    Birman et al. [72] studied the dynamic response of simply supported anti-
symmetrically laminated angle-ply thick plates (graphite-epoxy plates) subjected to blast 
loading. A closed-form solution was proposed for describing the dynamic response of the 
plates. In their work, the effect of transverse shear deformations on the response of the 
plates was considered. Their analysis yielded a non-dimensional deflection versus time 
22 
 
relationship and this relationship was used to calculate the stresses and strains of the 
plates. 
    Kazancı et al. [73] addressed the problem of nonlinear dynamic response of a simply 
supported laminated plate (fiber-glass fabric) under blast loading. They derived equations 
of motion of the laminated plate, in the frame of von Karman’s deflection theory with the 
consideration of geometric nonlinearity effects. The equations of motion were solved 
using finite difference method and the obtained results were compared with literature and 
finite element analysis results. Good agreement was reported for deflection and 
frequencies of vibrations. 
 
1.6 Summary 
    There has been a lot of research on methods to mitigate the damage caused by 
windows failure under blast loading. Until today, the most effective method to mitigate 
the damage is use blast-resistant laminated glass for windows. Currently, the most widely 
used laminated glass is the laminated glass with polyvinyl butyral (PVB) interlayer. The 
reason for using PVB as the interlayer material has been mentioned previously: colorless; 
able to bind glass fragments after windows failure; good energy absorption ability. The 
disadvantage of the laminated glass with PVB interlayer is its large thickness and weight. 
This disadvantage can be overcome by replacing the PVB interlayer with a transparent 
glass fiber-reinforced polyester composite interlayer which has high strength to weight 
ratio. The transparency of the glass fiber-reinforced composite is achieved by matching 
the refractive index of the polymer matrix with that of glass fibers. 
23 
 
    The dynamic response of the laminated glass with PVB interlayer under blast 
loading has been experimentally and analytically studied. Several numerical models have 
been developed to characterize the dynamic response of the laminated glass with PVB 
interlayer under blast/dynamic loading. But to the best of our knowledge, the dynamic 
response of the laminated glass with glass fiber-reinforced composite interlayer under 
blast loading has not been studied previously. 
    In this research, a novel blast-resistant laminated glass panel utilizing a transparent 
glass fiber-reinforced composite interlayer has been successfully fabricated. The dynamic 
response of the fabricated laminated glass under blast loading has been investigated 
experimentally and analytically. 
    The investigation in this research has been organized in three parts: 
        (1) Part I: this part is the introduction, which includes Chapter 1 titled “Introduction”.  
        (2) Part II: this part focuses on fabricating the transparent glass fiber-reinforced     
composite interlayer and studying its optical properties and mechanical behavior, which 
includes Chapter 2 titled “A novel optically transparent woven glass fiber-reinforced 
polymer composite: fabrication and properties”.  
        (3)  Part III: this part reports studies of the dynamic response of the novel blast-
resistant laminated glass under blast loading, which contains Chapter 3 titled “A study of 
the dynamic response of the novel laminated glass under blast loading” and Chapter 4 
titled “Nonlinear dynamic analysis of the novel laminated glass under blast loading”. 
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CHAPTER 2 A NOVEL OPTICALLY TRANSPARENT 
WOVEN GLASS FIBER-REINFORCED POLYMER 
COMPOSITE: FABRICATION AND PROPERTIES 
 
 
2.1 Introduction 
        Transparent engineering polymers are needed in various fields, including aerospace, 
military and automobile industries [1, 2]. Currently available transparent polymers have 
some drawbacks, such as low quasi-static and dynamic mechanical properties. 
Incorporation of glass fibers into a polymer matrix can greatly improve its mechanical 
properties [3-6], while reducing its transparency (light transmittance) to some extent. The 
transparency reduction is due to the refractive index mismatch between glass fibers and 
the polymer matrix [3, 7]. Iba and Kagawa [8] studied the relationship between the 
transparency and the refractive index difference and proposed an analytical model for 
predicting the transparency of unidirectional aligned continuous fiber-reinforced 
composite. Based on Iba’s model, a new analytical model, which can be used to predict 
the light transmittance of 0/90º woven glass fiber-reinforced composite, has been 
developed in this research. 
        Applications of optically transparent glass fiber-reinforced polymer composite, such 
as blast resistance screen and plane window, usually require high strength, good fracture 
toughness and good  dynamic impacting resistance [3, 9-13]. Hence, quasi-static 
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mechanical properties, fracture toughness and dynamic mechanical properties of a 
transparent glass fiber-reinforced composite should be investigated before using it. 
Quasi-static mechanical properties and fracture toughness can be studied using an Instron 
universal testing machine. Dynamic mechanical properties can be studied using a split 
Hopkinson bar (SHB) [14-20]. A series of SHB tests on glass fiber-reinforced composite 
have been performed previously [21-25], reported results indicate that the dynamic 
mechanical properties of glass fiber-reinforced composite are dependent on strain rate. 
        In this study, an optically transparent woven (0/90º) glass fiber-reinforced polyester 
composite has been fabricated. The composite has been used as an interlayer in a blast-
resistant laminated glass panel fabrication. A model for predicting the light transmittance 
(transparency) of the composite has been proposed. According to the model, the light 
transmittance can be increased by reducing the refractive index difference between glass 
fibers and the polyester matrix. Since the refractive index of glass fibers is difficult to 
change, the refractive index of the polyester matrix was modified to reduce the 
difference. The modification was done by adjusting the concentrations of chemical 
additives, such as methyl ethyl ketone peroxide (MEKP), cobalt (II) 2-ethylhexanoate 
(CE), divinylbenzene (DV) and phenanthrene (PT). Besides the refractive index 
difference, the effect of fiber volume fraction on light transmittance was also studied. 
Properties of the composite, such as quasi-static mechanical properties, fracture 
toughness and dynamic mechanical properties, and viability of the fabricated laminated 
glass under blast loading were investigated.      
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2.2 Experimental methods 
2.2.1 Polyester plate fabrication 
    Polyester (-(R’CH=CHCOOR)n-, Ashland Specialty Co., USA) was mixed with 1.2 
wt% methyl ethyl ketone peroxide (MEKP) (C8H18O6, Sigma-Aldrich Co., USA), an 
initiator, 0.03 wt% cobalt (II) 2-ethylhexanoate (CE) (C16H30CoO4, Sigma-Aldrich Co., 
USA), an accelerator and 4 wt% divinylbenzene (DV) (C10H10, Sigma-Aldrich Co., USA) 
or 1 wt% phenanthrene (PT) (C14H10, Sigma-Aldrich Co., USA), which are refractive 
index modifiers. All above mentioned components were thoroughly mixed for 3-4 min by 
hand in a plastic bucket. The mixture was set in a vacuum degassing chamber so as to 
allow air bubbles inside it to escape by creating vacuum inside the chamber. After 
degassing, the mixture was poured into a 3.2 mm deep mold which was made by placing 
aluminum frames on top of a polyvinyl chloride (PVC) plate with Mylar sheet (Fig. 2.1). 
After filling the mold, another PVC plate with Mylar sheet was laid on top of the mold, 
the top and bottom plates were clamped with C-clamps. The clamped plates were erected 
sideways to let entrapped air escape from the mold. The setup was left at room 
temperature (~20 ºC) for two days to ensure complete curing of the polyester.  
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                  Figure 2.1 Mold for fabricating polyester and glass fiber-reinforced composite plates 
 
2.2.2 Glass fiber-reinforced composite fabrication  
    Glass fiber-reinforced composite was prepared using a similar procedure as 
described above. The polyester was mixed with 1.2 wt% MEKP, 0.03 wt% CE and 4 
wt% DV or 1 wt% PT. All components were thoroughly mixed for 2-3 min by hand in a 
plastic bucket. Then, the mixture was degassed in a vacuum chamber. But this time, after 
degassing, instead of pouring all mixture into the 3.2 mm deep mold, a small amount of 
the mixture was first poured into the mold so as to wet the base surface of the mold. Then 
a layer of glass fiber cloth (Aerospace Composite Products Co., USA) was put in the 
mold and some more polymer mixture was poured in the mold. This procedure was 
repeated 4 times, producing a composite of 3.2 mm thick with 5 layers of glass fiber 
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cloth. The setup was left at room temperature for two days to ensure complete curing of 
the composite. The cured composite had a fiber volume fraction of 12.3%. 
    Same procedure was also used to produce a composite of 1.6 mm thick with 5 layers 
of glass fiber cloth. The cured composite had a fiber volume fraction of 24.2%. 
    The properties of glass fibers and polyester are listed in Table 2.1. 
 
Table 2.1 Some properties of glass fibers and polyester 
 Glass fibers                   Polyester 
Density (g/cm
3
) 
Young’s modulus (GPa) 
Poisson’s ratio 
Refractive index at 589 nm at 20 ºC 
Fiber diameter (μm)  
Linear density* (fiber/mm)  
2.54 
70 
0.2 
1.5595 
~10 
~550 
                             1.05 
                             3.25 
                             0.39 
                                - 
                                -       
                                - 
*transverse linear density and longitudinal linear density together. 
 
2.2.3 Laminated glass panel fabrication 
       Laminated glass panel was fabricated by sandwiching the glass fiber-reinforced 
composite interlayer between two tempered glass sheets. The composite interlayer and 
glass sheets were bonded using a two part polyurethane resin (SP&S Co., USA). The 
procedure for fabricating a laminated glass is as follows: firstly, a glass sheet (Nashville 
Tempered Glass Co., USA) was placed on a table and a very thin layer of polyurethane 
resin was uniformly spread on the glass sheet. Secondly, the composite interlayer was 
placed on top of the glass sheet. Pressure was applied to spread the resin and remove any 
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entrapped air bubbles. Finally, a very thin layer of polyurethane resin was uniformly 
spread on the composite interlayer and the second glass sheet was placed on top of the 
composite interlayer. The setup was left at room temperature for at least one day to 
ensure complete curing of the polyurethane adhesive. The structure of the laminated glass 
is shown in Fig. 2.2. 
 
 
                                                        
 
 
Figure 2.2 Laminated glass structure 
 
 
2.2.4 Refractive index measurement 
    The refractive index of glass fibers (589 nm) was measured using the Central 
Illumination Method (Becke Line Method). 
Glass sheets 
Composite 
interlayer 
         Laminated glass 
36 
 
    The refractive indices (589 nm) of polyester samples (25 mm × 8 mm ×3.2 mm) 
were measured using Abbe refractometer (NAR-3T, Atago Co., Japan, with a refractive 
index precision of 0.0001 in the range of 1.3 to 1.7) at room temperature.  
 
2.2.5 Light transmittance measurement 
    The light transmittance of the composite, polyester matrix and fabricated laminated 
glass in the thickness direction was measured over a wavelength range of 190 to 900 nm 
using an ultraviolet-visible (UV-VIS) spectrometer (UV 2401 PC, Shimadzu Co., Japan). 
The resolution of the spectrometer is 1nm. All measurements were done at room 
temperature.  
 
2.2.6 Composite interlayer’s quasi-static mechanical properties testing 
2.2.6.1 Young’s modulus and Poisson’s ratio 
        250 mm long and 25 mm wide strips were cut from the fabricated composite sheets 
(Fig. 2.3). The strips were machined to ensure that they were straight and had smooth 
edges. Aluminum tabs were attached to the gripped portions of the specimens to prevent 
any possible damage (the shadow area in Fig. 2.3). Tensile tests were performed at room 
temperature on a servo-hydraulic Instron 8800 universal testing machine with a 10 kN 
load cell, at a crosshead speed of 2mm/min. For the measurement of tensile strains, strain 
gages (CEA-13-240UZ-120, Vishary Precision Inc., USA) were attached on the 
specimens in both longitudinal (length direction) and lateral directions (width direction). 
During the test, loads and strains were recorded by computer. These data were used to 
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find tensile strength 
T , failure strain f , Young’s modulus E and Poisson’s ratio v12. 
ASTM D3039 [26] gives the following mathematical expression for calculating Young’s 
modulus 
 
(2.1)
P
bdE


  
 
 
where  is the strain difference between two strain points in the initial linear region of 
the stress-strain curve, P is the load difference between the same two points, b is the 
specimen width, and d is the specimen thickness. 
        Poisson’s ratio 
12  can be calculated using the following equation 
 
12 =- (2.2)
la
lo
v


 
 
where 
la is the lateral strain difference between two lateral strain points and lo  is 
the longitudinal strain difference between two corresponding longitudinal strain points. 
 
25 
mm
Aluminum tab
Strain 
gage
Wire
Terminal
Wire connect to 
Instron machine
Strain gage
Wire connect to 
Instron machine
25 mm
250 mm
 
Figure 2.3 Shape and dimensions of tensile test specimens 
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2.2.6.2 Shear modulus 
        250 mm long and 25 mm wide ±45º fiber-reinforced strips were cut from the 
fabricated composite sheets. Strain gages were attached on the specimens in both 
longitudinal and lateral directions. The ±45º specimens were loaded in tension while 
recording loads and strains. According to the ASTM standard D3518 [27], shear modulus 
G can be calculated as 
 
= (2.3)G




 
 
where   is the shear strain difference between two shear strain points.  is the shear 
stress difference between the same two shear strain points and is equal to 2P bd . P is 
the load difference between the two shear strain points, b is the specimen width and d is 
the specimen thickness. 
 
2.2.7 Fracture toughness testing 
        The fracture toughness of the composite was investigated using J-integral method. J-
integral method is a way to calculate the work energy per unit fracture surface area of a 
material. It has some advantages over the conventional stress intensity factor method, 
such as its result evaluation is easier and its result is more accurate [28]. So in this study, 
the J-integral method was used to study the fracture toughness of the composite. 
       J-integral method was developed by Cherepanov [29] and Jim Rice [30] 
independently. The theoretical concept of the J-integral method is that the energy integral 
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(called J) of a crack (notch) is independent of the path around it (Fig. 2.4). The J-integral 
value can be calculated using the following equation [30] 
 
1
( , ) (2.4)1 2 2J W x  x dx ds
x
 
   
 
 

u
t
t σ n
 
 
 
where  is a curve surrounding a crack (notch) tip. W(x1, x2) is the strain energy density, 
x1, x2 are the coordinate directions, ds is the increment of the contour path, u is the 
displacement vector, t is the surface traction vector, n is the vector normal to the curve 
 and σ is the Cauchy stress tensor. Landes and Begley [31] reported that at a constant 
displacement, the J-integral value for a specimen can be defined as 
 
constant displacement
1
=- (2.5)
U
J
t a


 
 
 
where t is the thickness of the specimen, a is the crack length and  U is the potential 
energy. 
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notch
x1
x2
n

ds
 
 
Figure 2.4 J-integral curve around a crack (notch)  
 
        In this research, J-integral tests were carried out using single-edge-notched-tension 
(SENT) specimens (Fig. 2.5) on the Instron 8800 universal testing machine with a 10 kN 
load cell, at a crosshead speed of 2 mm/min. The dimensions of SENT specimens were 
165 mm × 38 mm × 1.6 mm. Aluminum tabs were affixed to the gripped portions (the 
shadow area in Fig. 2.5) of the specimens to prevent any possible damage. The total 
length between grips was 115 mm. The cracks (notches) on the specimens were made by 
first saw cutting and then sharpening with a diamond blade. The crack length (a) to 
specimen width (w) ratio (a/w) was varied from 0.1 to 0.75 using the following discrete 
ratios: 0.1, 0.15, 0.25, 0.35, 0.5, 0.6, 0.75.  For every crack length, tests were conducted 
on three specimens.  
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Figure 2.5 Dimensions of single-edge-notched-tension specimens 
 
 
2.2.8 Dynamic mechanical properties testing  
        The dynamic mechanical properties of the composite were tested using the split 
Hopkonson bar (SHB). Classical SHB system (Fig. 2.6 and 2.7) consists of two elastic 
bars, called incident bar and transmitted bar, and a gas gun that can propel a striker bar. 
The mechanism of SHB technique is: upon firing the gas gun, the striker bar imparts a 
uniaxial stress pulse to the incident bar and a compressive stress wave generated in the 
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incident bar. This compressive stress wave travels in the incident bar and when this wave 
reaches a specimen, part of it is reflected back to the incident bar and part of it is 
transmitted through the specimen to the transmitted bar. The wave transmission in two 
bars can be captured using strain gages placed on bars (Fig. 2.7). It should be pointed out 
that before using SHB, it needs to be calibrated and the calibration procedures are 
outlined in reference [32]. By analyzing the captured strain signals, the stress ( )s t , 
strain ( )s t  and strain rate ( )s t  of the specimen can be determined by the following 
equations [33] 
 
 
 
 
0
( ) (2.6)
2
( ) (2.7)
2
( ) (2.8)
s t
s
t
s r
s r
EA
t t
A
c
t t dt
L
c
t t
L
 
 
 





  
 
 
where E is Young’s modulus of bars, A is the cross-sectional area of bars, As is the cross-
sectional area of the specimen, c is the stress wave velocity in bars, L is the length of the 
specimen, ( )r t  is the reflected strain signal and ( )t t is the transmitted strain signal. 
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Figure 2.6 Split Hopkinson bar (SHB) apparatus 
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Figure 2.7 Schematic of main components of a SHB system 
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        Usually cylindrical specimens are used in SHB tests. But according to the results 
reported by Woldesenbet et al. [34] and Phan [33], similar high strain rate mechanical 
properties can be obtained by either using square-shape specimens or cylindrical-shape 
specimens. Since cylindrical specimens are relatively difficult to produce, square 
specimens were used. The dimensions of test specimens were 6.4 mm × 6.4 mm × 3.2 
mm 
    In this research, specimens were loaded in the thickness direction because in 
dynamic applications, composite is usually loaded in the thickness direction. Fiber 
orientation of specimens is 0/90º.  
 
2.2.9 Fiber volume fraction determination 
        The fiber volume fraction of the composite was determined according to ASTM 
D2584 [35]. A 25.4 mm × 25.4 mm × 1.6 mm composite specimen was weighed and 
burnt in an empty ceramic crucible. Once the matrix resin was completely removed, the 
residue was cooled to room temperature and weighted. The burn-off weight is the 
polyester matrix weight and the residue weight is glass fibers weight. The fiber volume 
fraction of the composite was calculated based on the following equation [36] 
 
(2.9)
m f
f
f m m f
W
V
W W

 


 
 
where 
m  and f  are the density of the polyester matrix and glass fibers, respectively. 
Wm is the matrix weight and Wf is fibers weight. 
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    The fiber volume fraction of 3.2 mm thick composite was measured using the same 
method. 
 
2.2.10 Blast resistance testing 
         Blast resistance tests were done at the Engineering Research and Development 
Center (ERDC, US Army Corps of Engineers Lab, Vicksburg, Mississippi) using a Blast 
Load Simulator (BLS) (Fig. 2.8). The dimensions of the tested glass panels were 890 by 
590 mm. The installation of a glass panel inside the BLS is shown in Fig. 2.9.  
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Figure 2.8 Blast Load Simulator (BLS)  
 
 
 
 
 
Figure 2.9 Glass panel installation inside the BLS 
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2.3 Theoretical model for light transmission through woven glass fiber-
reinforced composite 
        When light passes through a glass fiber, the phase of light beyond the fiber is 
changed (Fig. 2.10). The maximum phase difference, which is also called the maximum 
phase lag, can be expressed using equation (2.10) [8, 37] 
 
2 (2.10)f f mδ= kr n - n  
 
where fr  is the radius of the glass fiber, k is the wavenumber of incident light and is 
equal to 2  (  is the light wavelength), nf is the refractive index of the glass fiber, nm 
is the refractive index of the surrounding matrix. 
       
 
 
 
 
 
 
 
 
 
        
 
Figure 2.10 Phase of light after passing through a glass fiber 
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        The phase lag causes the reduction of the transmitted light intensity. The intensity 
amplitude changes at a point at a distance of fr sinγ ( is the angle between the incident 
light and surface of the glass fiber) from the center of the fiber is -iδcosγe . Based on this, 
the light transmittance T (ratio of transmitted light intensity to incident light intensity) of 
a single fiber-reinforced polymer composite can be expressed as [8] 
 
 201 2 1 (2.11)
2
π /
-iδcosγ
f m
f
f
s
T = - G Re - e cosγdγ T
r
G =
w
     
 
 
 
 
where ws is the width of the composite, Gf  is called shadow ratio and Tm is the light trans- 
mittance of the polymer matrix. Partial integration of equation (2.11) results in 
 
 
     
  
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2
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π /π /
f m
π /
f m
T = - G sinγ - cos δcosγ +δ sin δcosγ sin γdγ T
= - G δ sin δcosγ sin γdγ T
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   
 
  


 
 
 
 
From equation (2.12), it can be seen that light transmittance T increases with the decrease 
of  . Since 2 f f mδ= kr n - n , light transmittance T increases with the decrease of the 
refractive index difference between the glass fiber and the polymer matrix. 
    For woven glass fiber-reinforced polymer composite (0/90º woven fiber cloth, Fig. 
2.11), the shadow ratio of one layer is: 2 2wf f t f lG = r ρ + r ρ , where t  is the linear density 
of fibers in the transverse direction, l  is the linear density of fibers in the longitudinal 
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direction. Therefore, the light transmittance Tw of a composite with q layers of fiber cloth 
can be calculated as 
 
  2 201 2 (2.13)
q
π /
w wf mT = -G δ sin δcosγ sin γdγ T
 
  
 
 
 
 
From equation (2.13), it can be observed that for woven glass fiber-reinforced composite, 
the light transmittance Tw also increases with the decrease of phase lag  . As mentioned 
previously 2 f f mδ= kr n - n , so light transmittance Tw increases with the decrease of the 
refractive index difference between glass fibers and the polymer matrix. In this research, 
the refractive index of glass fibers was considered as fixed (1.5595). Therefore, in order 
to increase the transparency of the glass fiber-reinforced composite, the refractive index 
of the polyester matrix was modified to reduce the refractive index difference between 
glass fibers and the polyester matrix. The modification was done by changing the 
concentrations of chemical additives in the polyester matrix.  
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Figure 2.11 Light transmission model of woven glass fiber-reinforced composite 
         
        From equation (2.13), it can also be observed that when the refractive index 
difference is not zero, besides the refractive index difference, the light transmittance of 
the composite also depends on the shadow ratio Gwf and the number of fiber layers q. 
When the refractive index difference is zero ( =0 ), the light transmittance of the 
composite is the same as that of the polyester matrix and in this situation, both the 
shadow ratio Gwf and the number of fiber layers q can’t affect the light transmittance of 
the composite. In this study, the shadow ratio Gwf is a constant value (constant fiber 
radius, constant linear density in both longitudinal and transverse directions) and 5 layers 
of fiber cloth were used to reinforce the polyester matrix. So the effects of the shadow 
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ratio Gwf and the number of fiber layers q on light transmittance are not discussed in this 
study. It is worth pointing out that equation (2.13) does not explicitly incorporate the 
effect of fiber volume fraction on light transmittance. But from this equation, it can be 
inferred that the light transmittance of the composite can be affected by the change of 
fiber volume fraction if the change affects the number of fiber layers the light encounters. 
Otherwise, the light transmittance will not be affected by the change of fiber volume 
fraction. 
 
2.4 Results and discussion 
2.4.1 Effects of chemical additives on the refractive index of polyester 
2.4.1.1 Effect of methyl ethyl ketone peroxide (MEKP) concentration on 
the refractive index of polyester 
    Fig. 2.12 shows the effect of MEKP concentration on the refractive index of 
polyester. With the increase of MEKP concentration, the refractive index of polyester 
varies around 1.5560. Increasing MEKP concentration has almost no effect on the 
refractive index of polyester.  
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Figure 2.12 Refractive index of polyester (cured product) with different MEKP concentrations 
(curing condition: curing temperature 20 ºC, CE 0.03 wt%) 
 
2.4.1.2 Effect of cobalt (II) 2-ethylhexanoate (CE) concentration on the 
refractive index of polyester 
    From Fig. 2.13, it can be seen that the refractive index of polyester increases with 
the increase of CE concentration. CE is used as the polymerization accelerator in this 
study and its color is reddish violet. More CE content in polyester means smaller gel 
time, less curing time and deeper color in the cured product. According to experimental 
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results, when CE concentration is more than 0.04 wt%, polyester cures very fast and 
cured product has a dark amber color. When CE concentration is less than 0.01 wt%, 
polyester cures very slowly. Therefore, appropriate CE concentration should be between 
0.01 wt% and 0.04 wt%.  
 
Figure 2.13 Refractive index of polyester (cured product) with different CE concentrations 
(curing condition: curing temperature 20 ºC, MEKP 1.2 wt%) 
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2.4.1.3 Effect of divinylbenzene (DV) concentration on the refractive 
index of polyester 
    Fig. 2.14 illustrates the effect of DV concentration on the refractive index of 
polyester. It can be seen that the refractive index of polyester increases with the increase 
of DV concentration. The reason for this phenomenon is that besides as a refractive index 
modifier, DV is also a crosslinker, with the increase of DV concentration, the 
crosslinking density of polyester increases which results in the increase of refractive 
index. Similar reports have been reported by Askadskii [38] and Murakami [39] that 
refractive indices of polymers can be increased by increasing the crosslinking density of 
polymers. When DV concentration is 3 wt%, the refractive index of polyester is 1.5581. 
When DV concentration is 10 wt%, the refractive index of polyester is 1.5624, which is 
much higher than that of glass fibers which is 1.5595.  So, appropriate DV concentration 
is between 3 wt% and 7 wt%. 
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Figure 2.14 Refractive index of polyester (cured product) with different DV concentrations 
(curing condition: curing temperature 20 ºC, CE content 0.03 wt%, MEKP 1.2 wt%) 
 
2.4.1.4 Effect of phenanthrene (PT) concentration on the refractive 
index of polyester 
    From Fig. 2.15, it can be seen that the refractive index of polyester increases 
dramatically as PT concentration increases from 0 wt% to 1.2 wt% and increases slowly 
with further increase in PT concentration. PT is a chemical with high refractive index 
(1.5943) and is used as a refractive index modifier in this research. When PT content is 0 
wt%, the refractive index of polyester is 1.5560. When PT content is 1.2 wt%, the 
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refractive index of polyester is 1.5608. Therefore, appropriate PT concentration is 
between 0 wt% and 1.2 wt%. 
 
 
Figure 2.15 Refractive index of polyester (cured product) with different PT concentrations 
(curing condition: curing temperature 20 ºC, CE content 0.03 wt%, MEKP 1.2 wt%) 
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at room temperature. Therefore, the best formulation for making the optically transparent 
glass fiber-reinforced composite is: MEKP concentration=1.2 wt%, DV concentration=4 
wt% and CE concentration=0.03 wt%. 
         
Table 2.2 Candidate formulations for making the optically transparent composite 
 
MEKP 
concentration 
DV concentration PT concentration CE 
concentration 
Refractive 
index 
1 
2 
1.2 wt% 
1.2 wt%             
4 wt% 
0 wt% 
0 wt% 
1 wt% 
0.03 wt% 
0.03 wt% 
1.5587 
1.5599 
                   
 
   
2.4.2 Light transmittance  
2.4.2.1 Light transmittance of the composite interlayer 
        Fig. 2.16 shows the light transmittance spectrum of the polyester matrix. The 
spectrum shows that above a wavelength of 380 nm, the light transmittance of the 
polyester matrix first dramatically increases to 77.5%, then slowly increases to 86.7%. 
    Fig. 2.16 also shows the light transmittance spectra of the composite specimens 
prepared using the best formulation (1.6 mm thick composite specimen with a fiber 
volume fraction of 24.2% and 3.2 mm thick composite specimen with a fiber volume 
fraction of 12.3%, both have 5 layers of fiber cloth). With the increase of light 
wavelength, the light transmittance of the 3.2 mm thick composite specimen first 
increases to 74.5%, then decreases to 65%. The light transmittance spectrum of the 1.6 
mm thick composite specimen is almost the same as that of the 3.2 mm thick composite 
specimen. This verifies the inference derived from the theoretical analysis that the light 
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transmittance of the composite will not be affected by the change of fiber volume fraction 
if the change does not affect the number of fiber layers the light encounters.  
      
 
 
Figure 2.16 Comparison between experimentally measured light transmittance and  
theoretically predicted light transmittance 
 
    The light transmittance of the composite with 5 layers of fiber cloth is predicted 
using equation (2.13) and plotted in Fig. 2.16. It can be observed that at a wavelength of 
589 nm, the theoretically calculated light transmittance coincides with the experimentally 
measured light transmittance of the 3.2 mm thick composite specimen and almost 
coincides with the light transmittance of the 1.6 mm thick composite specimen. Beyond 
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or below this wavelength, the theoretically calculated light transmittance curve strays 
from the experimentally measured light transmittance curves. The difference between the 
calculated result and the measured results is due to the wavelength dependence of 
refractive index [40].  In this study, all measured refractive indices are the refractive 
indices at 589 nm. Therefore at 589 nm, the refractive index difference between glass 
fibers and the polyester matrix is the ‘real refractive index difference’. Equation (2.13) 
can effectively predict the light transmittance at this wavelength. Beyond or below this 
wavelength, because of the wavelength dependence of refractive index, the refractive 
indices of the polyester matrix and glass fibers both change which means the refractive 
index difference between them is different from the difference at 589 nm. So, except 589 
nm, at other wavelengths, equation (2.13) use ‘fake’ refractive index difference 
(refractive index difference at 589 nm) to predict the light transmittance which results in 
the mismatch of the theoretically predicted result and the experimentally measured results. 
If the relationship between refractive index and wavelength of glass fibers and the 
polyester matrix can be obtained, the light transmittance over the whole spectrum could 
be predicted more precisely by the developed model.  
    The appearance of the glass fiber-reinforced composite prepared using the best 
formulation (3.2 mm thick, the appearance of the 1.6 mm thick composite is similar) and 
the polyester matrix is shown in Fig. 2.17. Characters underneath the composite plate and 
the polyester plate can be clearly read, indicating that the composite and the polyester 
matrix are both optically transparent.  
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Figure 2.17 Readability of text through the glass fiber-reinforced composite plate and the polyester plate  
 
    Besides the light wavelength, temperature may also cause the change of the 
refractive index difference since the polyester matrix and glass fibers have different 
refractive index-temperature relations. The composite plate shown above was heated to 
60 ºC (the maximum expected using temperature) for 3 h and no transparency change 
was noticed, which indicates that in this study, the effect of temperature on the 
transparency can be neglected.  
 
2.4.2.2 Light transmittance of the laminated glass 
        Fig. 2.18 shows the light transmittance of the laminated glass utilizing the glass 
fiber-reinforced composite interlayer over a wavelength range of 190 to 900 nm. The 
light transmittance of the laminated glass is above 60% when the wavelength is above 
482 nm. The highest transmittance is 84.4% when the wavelength is 577 nm. This result 
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means the fabricated laminated glass has good transparency in the visible light range. The 
good transparency is achieved by using the transparent composite interlayer.  
    Appearance of the laminated glass is shown in Fig. 2.19. Through the laminated 
glass, the backside view can be clearly observed, which shows the fabricated laminated 
glass has good transparency. This result coincides with the light transmittance spectrum 
analysis result shown above. 
 
 
 
Figure 2.18 Light transmittance spectrum of the laminated glass 
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Figure 2.19 Appearance of the fabricated laminated glass 
 
2.4.3 Quasi-static mechanical properties  
        The longitudinal stress-strain curves of the glass fiber-reinforced composite 
specimens (1.6 mm thick composite and 3.2 mm thick composite) are shown in Fig. 2.20, 
Young’s modulus of the composite specimens is calculated using equation (2.1). The 
value of 3.2 mm thick composite is 7.67 GPa and the value of 1.6 mm thick composite is 
12.33 GPa, which are both much higher than that of the neat polyester (~3 GPa) [41]. The 
initial linear parts of the stress-strain curves are plotted in Fig. 2.21 and the corresponding 
lateral stress-strain curves in the same region are also plotted in Fig. 2.21.  Poisson’s ratio 
v12 of the composite, which is 0.33 for 3.2 mm thick composite and 0.39 for 1.6 mm thick 
composite, is found by using equation (2.2) and Fig. 2.21. The shear stress-strain curves 
of the composite specimens in the initial loading range are plotted in Fig. 2.22. The shear 
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modulus of the composite is calculated using equation (2.3). For 3.2 mm thick composite, 
shear modulus is 2.14 GPa and for 1.6 mm thick composite, shear modulus is 3.39 GPa. 
 
 
Figure 2.20 Stress-strain curves of the glass fiber-reinforced composites  
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Figure 2.21 Stress vs. strain curves of the composites in the initial linear region  
  
Figure 2.22 Shear stress-strain curves of the glass fiber-reinforced composites 
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        All quasi-static mechanical properties of the composites are listed in Table 2.3.  
 
Table 2.3 Quasi-static mechanical properties of the glass fiber-reinforced composites 
 
Tensile strength     
     (σT, MPa) 
Failure strain 
(εf) 
Young’s modulus 
(E, GPa) 
Poisson’s 
ratio (v12) 
Shear modulus 
( , GPa) 
Fiber-reinforced 
composite (3.2 
mm thick, fiber 
volume fraction 
12.3%) 
 
Fiber-reinforced 
composite (1.6 
mm thick, fiber 
volume fraction  
24.2% 
 
Polyester                  
 
PVB 
 
 
        41.95 
 
 
 
 
 
       139.9 
 
 
 
        21.65 
 
            
 
 
 
0.0082 
 
 
 
 
 
0.0125 
 
 
 
0.0064 
 
            
 
 
7.67 
 
 
 
 
 
12.33 
 
 
 
3.25 
 
~0.1 
 
 
0.33 
 
 
 
 
 
0.39 
 
 
 
 
 
0.448 
 
 
2.14 
 
 
 
 
 
3.39 
 
 
 
 
 
 
 
 
 
 
2.4.4 Fracture toughness  
        The load-displacement curves for 0/90º woven glass fiber-reinforced composite 
specimens with different initial crack lengths are shown in Fig. 2.23. From Fig. 2.23, it 
can be seen that for specimens with small cracks, fracture causes a sharp drop in load 
after the maximum load; for specimens with large cracks, fracture causes a gradual drop 
in load after the maximum load. The reason for this phenomenon is that the strain energy 
stored in specimens with small cracks is sufficient to cause sudden failure [42]. It is not 
the case for specimens with large cracks. 
    From Fig. 2.23, it can also be seen that the maximum carrying load of the composite 
decreases with the increase of initial crack length. The displacement at maximum load 
(critical displacement) decreases as initial crack length increases from 3.8 to 13.3 mm 
and remains nearly constant at 0.9 mm with further increase in initial crack length. The 
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reason for this phenomenon is that when initial crack length is longer than the critical 
initial crack length (13.3 mm), the fracture behavior of the composite is mainly governed 
by the initial crack so that the critical displacement is nearly constant. When initial crack 
length is less than 13.3 mm, the fracture behavior of the composite is influenced not only 
by the initial crack, but also by elastic and plastic deformations away from the crack 
plane [28]. Therefore, the critical displacement is not constant in this crack length region. 
It increases with the decrease of initial crack length. 
 
Figure 2.23 Load-displacement curves for fiber-reinforced composite specimens with different initial crack 
lengths (a is crack length and w is specimen’s width) 
 
    The load-displacement curves shown in Fig. 2.23 are used to calculate the potential 
energy U in equation (2.5). It should be pointed out that when displacement is constant, 
0 0.2 0.4 0.6 0.8 1 1.2 1.4
0
500
1000
1500
2000
2500
3000
3500
4000
4500
Displacement(mm)
L
o
ad
(N
)
a = 3.8mm
(a/w = 0.1)
  a = 5.7 mm
 (a/w = 0.15)
 a = 9.5 mm
(a/w = 0.25)
 a = 13.3 mm
(a/w = 0.35)
 a = 19 mm
(a/w = 0.5)
 a = 22.9 mm
(a/w = 0.6)
 a = 28.5 mm
(a/w = 0.75)
67 
 
the potential energy U is equal to the strain energy which can be obtained by measuring 
the area under the load-displacement curve [31]. In order to obtain the J-integral value at 
different displacements, six displacements (0.18 mm, 0.36 mm, 0.54 mm, 0.72 mm, 0.90 
mm and 0.95 mm) are chosen. For each displacement, the area under the load-
displacement curves are measured, divided by thickness (B) and plotted against initial 
crack lengths (Fig. 2.24). 
    From Fig. 2.24, it can be seen that for a given displacement, the strain energy per 
unit thickness of the glass fiber-reinforced composite decreases as initial crack length 
increases, because the specimen with larger initial crack length has smaller load-carrying 
ability. For each displacement, variation of strain energy per unit thickness with initial 
crack length can be represented by two straight lines. Two lines intersect at a crack length 
of 13.3 mm, which shows a change in fracture behavior at this crack length. This result 
corresponds to the result observed in Fig. 2.23, which shows the fracture behavior of the 
composite changes at the crack length of 13.3 mm. J-integral values are obtained by 
calculating the slopes of the lines shown in Fig. 2.24. Based on the initial crack length 
(a/w ≥ 0.35 or a/w < 0.35), two J-integral value versus displacement curves are obtained 
and plotted in Fig. 2.25. From Fig. 2.25, it can be seen that the J-integral value at the 
critical displacement, referred to as the critical value of J-integral (Jc), is 22.1 kJ/m
2
 when 
a/w ≥ 0.35. When a/w < 0.35, Jc can’t be evaluated directly through Fig. 2.25 since the 
corresponding J-integral curve does not reach the critical displacements in this range. 
According to the reference [28], the Jc value for small initial crack length (here is a/w < 
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0.35) is close to the Jc value for large crack length (here is a/w ≥ 0.35) . Therefore, in this 
research, the Jc value of glass fiber-reinforced composite is determined as 22.1 kJ/m
2
.  
 
Figure 2.24 Strain energy per unit thickness versus initial crack length at different displacements  
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Figure 2.25 J-integral curves of the composite  
 
 
2.4.5 Dynamic mechanical properties  
        The strain rate range studied in this research is approximately between 400-1000 s
-1
, 
which is typical strain rate range for blast loading. Within this strain rate range, the valid 
experimental results should satisfy two required conditions of SHB test. These conditions 
are 1) achievement of constant strain rate and 2) achievement of stress equilibrium for 
duration of the incident pulse. 
        The effect of strain rate on the dynamic mechanical properties of the glass fiber-
reinforced composite is presented in Fig. 2.26. It clearly shows that the dynamic stress-
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strain curve of the composite is affected by strain rate. At different strain rates, the 
compressive modulus and compressive strength values of the composite are listed in 
Table 2.4. The compressive modulus presented in this article should be regarded as the 
approximate compressive modulus since there is an unavoidable uncertainty in 
determining the compressive modulus by using the SHB technique [16, 43]. From Table 
2.4, it can be seen that the compressive modulus of the composite increases as strain rate 
increases. Also, it can be seen that the compressive strength of the composite increases as 
strain rate increases (Fig. 2.27). The compressive strength increases by about 25% as 
strain rate increasing from 407 s
-1
 to 960 s
-1
. Similar trends have been reported by Li et 
al. [44] and Kim et al. [16]. This phenomenon may be caused by the decrease of polymer 
chains’ molecular mobility with the increase of strain rate [45, 46]. A linear equation 
(2.14) is used to characterize the rate dependence of the compressive strength. The linear 
relationship is 
 
=0.099* +174.15 (2.14)cσ   
 
where cσ is the compressive strength,   is the strain rate. The limitation of this 
relationship is that it is only applicable to the strain rate between 400 and 1000 s
-1
. 
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Figure 2.26 Stress-strain curves of the glass fiber-reinforced composite at different strain rates 
 
 
 
Table 2.4 Dynamic mechanical properties of the glass fiber-reinforced composite 
        Strain rate (s
-1
)                     Compressive modulus (GPa)  Compressive strength (MPa) 
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960 
                        9.29 
                       11.01 
                       11.21 
                       12.02 
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Figure 2.27 Effect of strain rate on compressive strength of the glass fiber-reinforced composite 
 
    After SHB tests, the fracture morphology of the composite was examined using an 
Olympus optical microscope (BX41M-LED, Olympus Co., Japan) (Fig. 2.28). When 
strain rate is 407 s
-1
, there are no clearly visible cracks on the impact surface of the 
composite (Fig. 2.28 (a)). When strain rate is 657 s
-1
, some fiber lines can be clearly 
observed on the surface, which means fibers begin to delaminate from the polyester 
matrix (Fig. 2.28 (b)). When strain rate is 802 s
-1
, cracks can be observed on the surface 
(Fig. 2.28 (c)). When strain rate is 960 s
-1
, a network of cracks appears on the surface 
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with the increase of strain rate, fibers first delaminate from the polyester matrix as a 
consequence of fiber/matrix interfacial debonding. Then, on further increase in strain 
rate, the delamination grows continuously, surface cracks tend to appear and propagate 
into the matrix. Specimens tested with strain rates higher than 1000 s
-1
 broke into pieces 
during the test. 
 
                                            
                              (a)                                                                               (b) 
                                             
                                    (c)                                                                               (d) 
Figure 2.28 Surface micrographs of the glass fiber-reinforced composite at different strain rates:  
(a) 407 s
-1
; (b) 657 s
-1
; (c) 802 s
-1
; (d) 960 s
-1
 
 
2.4.6 Blast resistance testing results 
        U.S. General Services Administration (GSA) blast loading levels C, D and E were 
used for tests done at ERDC. Level C specifies a minimum peak pressure of 4 psi (25.8 
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kPa) and impulse of 28 psi-msec (193 kPa-msec), while level D specifies a minimum 
peak pressure of 10 psi (69 kPa) and impulse of 89 psi-msec (614 kPa-msec). Level E is 
not specifically quantified by GSA but for this study we assumed level E as peak pressure 
greater than 20 psi (138 kPa) and impulse greater than 115 psi-msec (793 kPa-msec). 
Laminated window panels were tested under different blast loading levels. Window 
panels of 3/8 inch (9.5 mm) total thickness consisting of a 1/8 inch (3.2 mm) thick 
transparent composite interlayer laminated to two 1/8 inch (3.2 mm) thick tempered glass 
sheets were tested under level C and D with no damage to the windows. The same 
window construction as above but with a total thickness of 7/16 inch (11.1 mm), due to 
use of 1 mm thick urethane based adhesive layer on each side of the interlayer, was tested 
at level E, which resulted in cracks in the glass glazing with no fallout of glass and 
minimal damage to the composite interlayer, as shown in Fig. 2.29. A 3/8 inch thick 
window panel was tested under a blast condition over the minimum specified level E, 
which resulted in extensive damage to the window panel and it was partially dislodged 
from the frame as shown in Fig. 2.30. A thicker window of 5/8 inch (16 mm) total 
thickness consisting of two composite interlayers laminated to three glass layers (each 1/8 
inch or 3.2 mm thick) was tested under blast loading well over the minimum specified 
level E, which resulted in cracking of the frontal and rear glass layers with no apparent 
damage to the composite interlayers or any fallout of glass, as seen in Fig. 2.31. The 
above mentioned blast testing demonstrates the viability of the novel glass window panel 
utilizing a transparent fiber-reinforced polymer composite interlayer under high intensity 
blast loading.  
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    Field experiments are expensive and time-consuming. In order to save money and 
time, a numerical model is developed to predict the dynamic response of the laminated 
glass panel under different blast loading conditions. This model will be presented in the 
next chapter.  
 
 
 
 
Figure 2.29 Laminated glass window panel was cracked after the GSA level E blast test. Both the outer 
surfaces of the glass plies were smooth to touch and minor damage to the composite interlayer 
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Figure 2.30 Level E blast loading resulted in severe damage to the window panel 
 
 
 
 
 
Figure 2.31 Thicker glass window panel after Level E blast loading 
77 
 
2.5 Summary 
        An optically transparent woven glass fiber-reinforced polyester matrix composite 
has been successfully fabricated and utilized as an interlayer in a laminated glass panel.  
    The properties of the composite interlayer and the laminated glass were studied. The 
main findings that can be inferred are as follows:  
        (1) A theoretical model for predicting the light transmittance of woven glass fiber-   
 reinforced composite has been proposed. Theoretical analysis shows the transparency of 
the glass fiber-reinforced composite can be improved by reducing the refractive index 
difference between glass fibers and its matrix. In this research, the refractive index of 
glass fibers was considered as fixed. So the refractive index difference was minimized by 
chemically changing the refractive index of the polyester matrix. Effects of MEKP, CE, 
DV and PT concentrations on the refractive index of the polyester matrix were 
investigated. The best formulation for making an optically transparent composite is: 
MEKP concentration=1.2 wt%, DV concentration=4 wt% and CE concentration=0.03 
wt%.  
        (2) The theoretical model also shows that besides the refractive index difference, the 
transparency of the glass fiber-reinforced composite also depends on the number of fiber 
layers the incident light encounters. This inference has been verified by experimental 
results. 
        (3) The light transmittance spectra and appearance of the composite prepared using 
the best formulation and the corresponding laminated glass indicate the developed glass 
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fiber-reinforced polymer composite and the laminated glass both have good transparency 
in the visible light region. 
        (4) Quasi-static test results show that the glass fiber-reinforced composite has much 
better mechanical properties than the polyester matrix. 
        (5) The fracture toughness of the composite based on the J-integral method is Jc= 
22.1 kJ/m
2
.  
        (6) Split Hopkinson bar test results show that the dynamic mechanical properties of 
the composite are strain rate sensitive. Compressive modulus and compressive strength 
both increase with the increase of strain rate over the range 400-1000 s
-1
.  
        (7) Blast loading tests done at ERDC show the new laminated glass panels perform 
well under GSA specified C, D and E blast loading levels. This demonstrates the viability 
of the new laminated glass window panel under high intensity blast loading. 
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CHAPTER 3 A STUDY OF THE DYNAMIC RESPONSE OF 
THE NOVEL LAMINATED GLASS UNDER BLAST 
LOADING 
 
 
3.1. Introduction 
        In this chapter, a numerical model is proposed to characterize the dynamic response 
of the fabricated laminated glass under blast loading. The validity of the proposed 
numerical model has been proven by experimental results. Laminated glass’s failure 
analysis is also performed in this chapter using the stress analysis approach. 
 
3.2. Blast resistance testing  
    Field experiments were done at the Engineering Research and Development Center 
(ERDC, US Army Corps of Engineers Lab, Vicksburg, Mississippi) using a Blast Load 
Simulator (BLS). The thickness of the tested laminated glass was around 9.5 mm 
(consisting of a 1/8 inch (3.2 mm) thick transparent composite interlayer laminated to two 
1/8 inch (3.2 mm) thick tempered glass sheets). Sample gages were attached to the 
laminated glass to record the pressure loading history and the midpoint deflection history 
during the blast.                                                                                                                      
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3.3 Blast resistance testing results 
    Both medium and high intensity blast loading tests were done at ERDC. The 
pressure-time curve of the medium intensity blast is shown in Fig. 3.1. The key 
parameters of the blast are obtained by curve fitting the initial pressure phase using 
equation (1.1). The result of fitting is: peak overpressure Po =5.14 psi (35.4 kPa), constant 
α=0.1011, and positive pressure duration time tp  =11.3 ms. 
 
 
 
Figure 3.1 Pressure-time curve of the medium intensity blast 
 
    Fig. 3.2 shows the midpoint deflection of the laminated glass under the medium 
intensity blast shown in Fig. 3.1. It can be seen that the maximum deflection is about 
0.415 inch (10.5 mm) and appears in the first deflection peak region.  
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Figure 3.2 Midpoint deflection of the laminated glass under the medium intensity blast 
 
 
    The pressure-time curve of the high intensity blast is shown in Fig. 3.3. The key 
parameters of the blast are: peak overpressure Po=13.22 psi (91.1 kPa), constant  = 
0.2744, positive pressure duration time tp =15.4 ms.  
 
 
Figure 3.3 Pressure-time curve of the high intensity blast 
 
        Fig. 3.4 shows the midpoint deflection of the laminated glass under the high 
intensity blast shown in Fig. 3.3. The maximum deflection is around 0.99 inch (25.1 mm) 
and also appears in the first deflection peak region. 
First deflection peak region 
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Figure 3.4 Midpoint deflection of the laminated glass under the high intensity blast 
 
        Field experiments are important for understanding the dynamic response of the 
laminated glass under blast loading. Besides field testing, model-based analysis can also 
be used to study the dynamic response of the laminated glass under blast loading. In this 
study, a numerical model is proposed to characterize the dynamic response of the 
fabricated laminated glass under blast loading. 
 
3.4 Numerical modeling of the dynamic response of the fabricated 
laminated glass under blast loading 
        According to Hamilton’s principle [1] 
 
 
2
1
0 (3.1)
t
t
T W dt      
where T is the kinetic energy of the laminated glass,  is the strain energy of the 
laminated glass and W is the work done by external load(s). 
First deflection peak region 
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        For the laminated glass, kinetic energy T can be calculated using the following 
equation [2] 
 
2
0 0
1
(3.2)
2
a b
w
T M dxdy
t
 
  
 
   
 
where M is the unit area mass of the laminated glass and is equal to 
o o c c i i
h h h    . o , 
c  and i  are the density of the outer glass sheet, the composite interlayer and the inner 
glass sheet, respectively. 
o i= =2600  kg/m
3
 and c =1200 kg/m
3
. 
oh , ch , and hi are the 
thickness of the outer glass sheet, the composite interlayer and the inner glass sheet, 
respectively. In this study, 
o 3.2mmc ih h h   . w is the transverse (thickness direction) 
deflection of the laminated glass.  
        Strain energy   can be calculated using the following equation [2] 
 
 
1
= (3.3)
2
x x y y xy xy
V
dxdydz         
 
        According to the classical plate theory [3], the strain components in the x-y plane 
(Fig. 3.5) can be expressed by the transverse deflection, w, as 
 
2 2 2
2 2
, , 2 (3.4)x y xy
w w w
z z z
x y x y
  
  
     
     
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Figure 3.5 Schematic diagram of the laminated glass 
     
        For the orthotropic composite interlayer, 
2 21 1
c c c
x x y
c c
E v E
=
v v
  
 
, 
21
c c
y x
c
v E
v
  

21
c
y
c
E
v


and xy c xyG  , where Ec , Gc and vc are Young’s modulus, shear modulus and 
Poisson’s ratio of the composite interlayer, respectively. It should be noted that the 
mechanical properties of the glass fiber-reinforced composite, such as Young’s modulus 
and shear modulus, are influenced by strain rate [4]. However, in this analysis, since 
strain rate was not measured in field testing, the strain rate effect is not considered. So Ec 
, Gc and vc values used here are the values obtained from previous quasi-static mechanical 
tests (Table 2.3). Substituting 
x  , y  and xy  expressions into equation (3.3), the strain 
energy of the composite interlayer is 
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2 2 2 2
1
+ (3.5)
2 1 1 1 1
c c y x c c x y c y yc x x
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E E EE
G dxdydz
        
 
   
 
     
    
  
 
Integrating equation (3.5) through the transverse direction (thickness direction, z 
direction) results in 
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where a is the length of the laminated glass, b is width of the laminated glass. In this 
study, a = 0.89 m and b = 0.59 m. 
       Similarly, the strain energy of the outer and inner glass sheets is 
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where hg is the thickness of one glass sheet (inner or outer layer glass sheet), Eg is 
Young’s modulus of glass, vg is Poisson’s ratio of glass, In this study, tempered glass is 
used, for which Eg = 68 GPa , vg = 0.2. Summing the strain energy of the composite 
interlayer and glass sheets, the total strain energy of the laminated glass is 
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where 
klw means a differentiation with respect to variable k and variable l. 
        For blast loading,  the work done by external load is given by [2] 
 
 
0 0
(3.9)
a b
W P t wdxdy    
 
where P(t) is the instantaneous blast pressure and can be described by equation (1.1).       
        Substituting T ,  , W  into equation (3.1), it can be rewritten as 
 
     
2
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= 0 (3.10)
t a b
xxxx yyyy xxyy
t
Mw w Aw Aw B C w w P t w dxdydt           
 
where w  means a second-order derivative of w with respect to time. From equation 
(3.10), the equation of motion of the laminated glass is obtained as 
      (3.11)xxxx yyyy xxyyMw A w w B C w P t      
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The laminated glass in this study is considered as simply supported. So the boundary 
conditions are 
 
      
0, 0, 0, ,
0, 0, 0, ,
xx
yy
w w at x a
w w at y b
  
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The initial condition is 
 
       ( , ,0) 0, ( , ,0) 0w x y w x y   
 
        In order to solve equation (3.11), an approximate function is chosen for w  by 
considering the simply supported boundary conditions [5, 6] 
 
 
1 1
, , sin sin (3.12)
m n
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w x y t
a b
 

 
 
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where   is a unknown time dependent function. Here, for calculation convenience, m 
and n are both simplified to 1. Substituting equation (3.12) into equation (3.11) and 
applying Galerkin method, the equation of motion of the laminated glass is changed to 
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Rearranging equation (3.13) and the following equation is obtained 
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Equation (3.14) is a nonlinear ordinary differential equation and can be solved using 
MATLAB. After obtaining function  , the transverse deflection w can be calculated 
using equation (3.12). 
        Besides the method shown above, equation (3.11) can also be solved by the 
following procedures: 
        1)  Equation (3.11) is converted to a second-order ordinary differential equation us-
ing double Fourier expansion. 
        2) The obtained ordinary differential equation is solved by Euler’s method. 
        The procedures for converting equation (3.11) to a second-order ordinary 
differential equation using double Fourier expansion are given in the Appendix A. 
 
3.5 Comparison between numerical and experimental results  
    Fig. 3.6 shows the predicted maximum deflection state of the laminated glass under 
the medium intensity blast loading. Fig. 3.7 shows the predicted maximum deflection 
state of the laminated glass under the high intensity blast loading. In Fig. 3.6 and 3.7, the 
laminated glass is simplified to a zero-thickness plate. From Fig. 3.6 and 3.7, it can be 
seen that the maximum deflection occurs at the midpoint. At the position close to the 
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edge of the laminated glass, the deflection decreases. This prediction correspnds fairly 
well with the experimental results. 
 
        
 
  
 
Figure 3.6 The maximum deflection state of the laminated 
glass under the medium intensity blast loading  
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Figure 3.7 The maximum deflection state of the laminated 
glass under the high intensity blast loading  
       
 
        From Fig. 3.2 and 3.4, it can be seen that the maximum deflection, which is an 
important criterion for evaluating the blast resistance of the fabricated laminated glass, 
occurs in the first deflection peak region. Therefore, the knowledge of the deflection 
history in the first peak region is important and is simulated by the developed numerical 
model. Fig. 3.8 shows the predicted midpoint deflection history in the first deflection 
peak region. The predicted maximum deflection is 0.42 inch (10.6 mm) and the predicted 
positive deflection duration time is 7.8 ms. The experimentally measured midpoint 
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deflection history (the circled region in Fig. 3.2) is also plotted in Fig. 3.8. The 
experimentally measured maximum deflection value is 0.415 inch (10.5 mm) and the 
meausred duration time is 8.3 ms. The discrepancy between the numerical result and the 
experimental result may be caused by the neglect of the composite interlayer’s plastic 
deformation and the strain rate effect on mechanical properties in the modeling. It can be 
observed from Fig. 3.8 that for the medium intensity blast loading, the predicted result 
matches well with the experimentally measured result.  
        Similarly, for the high intensity blast loading, the predicted midpoint deflection 
history in the first deflection peak region is compared in Fig. 3.9 with the experimentally 
measured result. The predicted maximum deflection is 1.03 inch (26.1 mm) and the 
predicted positive deflection duration time is 8.1 ms. The experimentally measured 
maximum deflection value is 0.99 inch (25.2 mm) and the measured duration time is 9.4 
ms. Fig. 3.9 shows that for the high intensity blast loading, the predicted result also 
matches fairly well with the experimentally measured result. Considering the good match 
of the numerically predicted results and the experimentally measured results under 
medium and high intensity blast loading, it can be concluded that the developed 
numerical model is valid for predicting the dynamic reponse of the laminated glass under 
both medium and high intensity blast loading.  
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Figure 3.8 Midpoint deflection of the laminated glass under the medium intensity blast loading in the first 
deflection peak region 
 
 
Figure 3.9 Midpoint deflection of the laminated glass under the high intensity blast loading in the first 
deflection peak region 
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3.6 Laminated glass failure analysis 
       Based on the stress-strain relationship, the stresses of the laminated glass under blast 
loading can be expressed as following equations 
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Substituting equation (3.4) into equation (3.15) results in 
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where Eavg, vavg and Gavg are the average Young’s modulus, Poisson’s ratio and shear 
modulus of the laminated glass, respectively. These parameters can be calculated using 
the following equations [7] 
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After obtaining the values of the deflection w, the stresses of the laminated glass can be 
calculated using equation (3.16). And then the principal stresses of the laminated glass 
can be calculated. According to the literature [6], the maximum principal stress always 
occurs at the midpoint of the laminated glass. So the midpoint maximum principal stress 
history in the first and second deflection peak regions (the first positive deflection peak 
region and the first negative deflection peak region) is calculated and compared with the 
tensile strength of tempered glass to determine whether the laminated glass can survive 
when subjected to blast loading. This criterion is proposed by Wei et al. and used in their 
research [6]. The reason for studying the principal stress history in the first two deflection 
peak regions only is that according to equation (3.16), stresses varies directly with the 
deflection w. From Fig. 3.2 and 3.4, it can be observed that compared with the maximum 
deflection (the first deflection peak), the deflection after the first two deflection peak 
regions is small, which means corresponding stresses/principal stresses are small. 
Therefore, in this study, the principal stress history after the first two deflection peak 
regions is not discussed. When subjected to the medium intensity blast loading, the 
midpoint maximum principal stress histories of the inner glass surface (pressure impact 
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surface) and the outer glass surface (pressure non-impact surface) in the first two 
deflection peak regions are calculated and plotted in Fig. 3.10.  
 
Figure 3.10 Midpoint maximum principal stress history 
under the medium intensity blast loading 
 
    Fig. 3.10 illustrates that for the inner surface, the maximum compression stress is 
about 55 MPa and the maximum tensile stress is about 50 MPa; for the outer surface, the 
maximum compression stress is about 31 MPa and the maximum tensile stress is about 
85 MPa. The tensile strength of tempered glass is usually above 175 MPa (sometimes 
above 200 MPa), and its compressive strength is much higher than its tensile strength [8-
11]. Therefore, according to the stress analysis, the laminated glass will survive when 
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subjected to the medium intensity blast loading. This result has been proven by the 
experimental result. 
    When subjected to the high intensity blast loading, the midpoint maximum principal 
stress histories of the inner surface and the outer surface in the first two deflection peak 
regions are shown in Fig. 3.11. From Fig. 3.11, it can be observed that the outer layer 
glass first experiences its maximum tensile stress (around 200 MPa), which is close to but 
not beyond the tensile strength of tempered glass. Then, the inner layer glass experiences 
its maximum tensile stress (~95 MPa), which is lower than the tensile strength of 
tempered glass. So, the laminated glass will survive after exposing to the high intensity 
blast loading. This result corresponds with the experimentally observed result.  
 
 
Figure 3.11 Midpoint maximum principal stress history  
under the high intensity blast loading 
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3.7 Summary  
        The dynamic response of the fabricated laminated glass under blast loading has been 
investigated by field testing and model-based analysis. The predicted response, in terms 
of the midpoint deflection, agrees fairly well with the experimentally measured results 
under medium and high intensity blast loading. Stress analysis and experimental results 
both show that the fabricated laminated glass can survive under medium and high 
intensity blast loading. 
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CHAPTER 4 NONLINEAR DYNAMIC ANALYSIS OF THE 
NOVEL LAMINATED GLASS UNDER BLAST LOADING 
 
 
4.1 Introduction       
    In this chapter, the dynamic response of the fabricated laminated glass under a 
medium intensity blast loading of peak pressure=5.14 psi (the same medium blast loading 
as described in Chapter 3) is investigated using a new numerical model and a finite 
element model. The numerical model analysis result and the finite element model 
analysis result are compared with the experimentally measured result. Based on the new 
numerical model, the blast resistance of the fabricated laminated glass is compared with 
that of the same configuration laminated glass with PVB interlayer. 
 
4.2 Numerical modeling and finite element modeling of the dynamic 
response the fabricated laminated glass under blast loading 
4.2.1 Numerical modeling 
        The schematic diagram of the laminated glass is shown in Fig. 4.1. It consists of a 
1/8 inch (3.2 mm) thick transparent composite interlayer and two 1/8 inch (3.2 mm) thick 
tempered glass sheets. The origin of the coordinate system of the laminated glass is set at 
the corner of the midplane. The midplane (x-y plane) is in the middle of the laminated 
glass panel, with respect to the thickness direction. 
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Figure 4.1 Schematic diagram of the laminated glass  
(top and bottom layers are glass sheets, middle layer is the composite interlayer) 
 
        The strain-displacement relationship for a plate is [1, 2]  
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u v w w w
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y x x y x y
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where 
x , y and xy  are strain components and u, v and w are displacement components 
(in x, y and z directions, respectively). 
        The moments of a plate are [3] 
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2 2 2
- - - - -
2 2 2
= = =- (4.4)
h h h
h h hx x y y xy xyM z dz M z dz M z dz         
 
where h is the thickness of the plate. For the glass fiber-reinforced orthotropic composite 
interlayer, 
xc , yc and xyc are 2 21 1
c c c
x y
c c
E v E
v v
 
 
, 
2 21 1
c c c
x y
c c
v E E
v v
 
 
, and c xyG  , 
respectively. Ec , Gc and vc are Young’s modulus, shear modulus and Poisson’s ratio of 
the composite interlayer, respectively. The values of Ec , Gc and vc are obtained from 
Table 2.3. In this research, glass is considered as an isotropic material, xg , yg and xyg of 
the glass sheets are 
2 21 1
g g g
x y
g g
E v E
v v
 
 
, 
2 21 1
g g g
x y
g g
E v E
v v
 
 
, and 
2(1+ )
g
xy
g
E
v
 , 
respectively. gE  and gv are Young’s modulus and Poisson’s ratio of glass sheets, 
respectively. In this study, gE  is 68 GPa and gv  is 0.2. 
    First, substitute equations (4.1)-(4.3) into 
xc , yc , xyc  expressions, then substitute 
the resultant 
xc , yc , xyc  into equation (4.4) and integrate this equation through the 
thickness direction. The moments of the composite interlayer ( , ,xc yc xycM M M ) can be 
expressed as 
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where 
ch is the thickness of the composite interlayer, in this study, hc = 3.2 mm. 
        Similarly, the moments of the glass sheets ( , ,xg yg xygM M M ) can be expressed as 
 
 
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2 2 2 2
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where gh  stands for the thickness of a glass sheet (inner or outer glass sheet), in this 
study, gh = houter = hinner= 3.2 mm. It should be pointed out that for simplicity, only the 
effect of the higher-order derivative component on moments is considered in this study. 
    The total moments of the laminated glass are 
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    According to references [3, 4], the equilibrium equation for the laminated glass is 
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m is the unit area mass of the laminated glass and = g g c c g gm h h h    , where g is the 
density of the glass and is 2600 kg/m
3
. 
c is the density of the composite interlayer and is 
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1200 kg/m
3
, q* is the resultant force caused by deflection and q is the external load acting 
on the laminated glass which can be expressed using equation (1.1). Substituting equation 
(4.9) into equation (4.8), and since xy yxM M  , a new equilibrium equation is obtained 
 
2 22 2
2 2 2
2 * (4.10)
y xyx
M MM w
+ - +q+q =m
x y x y t
  
    
 
 
 
Substituting equation (4.7) and equation (1.1) into equation (4.10) results in 
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Equation (4.11) can be rearranged to 
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where 
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q* can be expressed as [3] 
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where   is called Airy’s stress function and is used to represent stresses: 
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, h is the thickness of the whole laminated glass and is equal to 
hg+hc+hg. Substituting equation (4.13) into equation (4.12), equation (4.12) can be 
rewritten as 
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where ( )l  means a differentiation with respect to variable l and w means a second-order 
derivative of w with respect to time. Equation (4.14) cannot be solved by itself. In order 
to solve it, a St. Venant’s compatibility equation is introduced [3, 5], as listed below 
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Rearranging equation (4.15) and substituting equations (4.1)-(4.3) into equation (4.15), 
results in equation (4.16) 
 
 2 (4.16)
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The strains shown in equation (4.16) can first be expressed in terms of stresses and then 
in terms of Airy’s stress function. After substituting Airy’s function into equation 
(4.16), a new compatibility equation is obtained as 
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Equation (4.14) and (4.17) constitute a solvable system of nonlinear partial differential 
equations, which are also the equations of motion for the fabricated laminated glass. 
        In this study, the laminated glass is considered as simply supported. So the boundary 
conditions are 
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The initial condition is 
 
                                     0, 0, at 0 (4.19)w w t    
 
                        
where a is the length of the laminated glass, which is 0.89 m and b is the width of the 
laminated glass, which is 0.59 m.  
        Based on the boundary conditions, the following deflection mode shape is 
assumed [6, 7], 
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where  (t) is an unknown function. For simplicity, equation (4.20) is approximated to its 
first term. Substituting equation (4.20) into equation (4.17) results in 
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The solution for this equation can be assumed as [6] 
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Substituting equation (4.22) into the left part of equation (4.21) results in 
 
 
4 4
2
1 24 4
16 2 16 2
+ + cos cos (4.23)yyyy xxxx xxyy
x y
N N P f f
a a b b
   
   
    
     
    
 
 
 
112 
 
Therefore, equation (4.21) can be rewritten as 
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From equation (4.24), it can be inferred that 
2
1 2
=
32
a
f
b
 and 
2
2 2
=
32
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f
a
, so the solution for 
equation (4.24) is obtained. Introducing the solution and equation (4.20) into equation 
(4.14) and applying Galerkin method to equation (4.14), the nonlinear partial differential 
equation (4.14) is changed to a nonlinear ordinary differential equation with respect to 
time 
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where   is the second-order derivative of  with respect to time. Equation (4.25) can be 
solved using MATLAB. After obtaining the function  , the transverse deflection w can 
be calculated using equation (4.20).  
        Besides the transverse deflection, the principal stresses of the laminated glass under 
blast loading can also be obtained through this model by the following procedures:  
        1) After obtaining the transverse deflection, since the strain-displacement 
relationships are known from equations (4.1)-(4.3), so the strains of the laminated glass 
can be calculated (ignore the displacements in x and y directions).  
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        2) According to the stress-strain relationships of the laminated glass [6, 8], the 
bending stresses of the laminated glass can be calculated. The membrane stresses of the 
laminated glass can be calculated using Airy’s stress function [9].  
        3) By adding the bending and membrane stresses together, the total stresses of the 
laminated glass are obtained 
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where Eavg, vavg and Gavg are the average Young’s modulus, Poisson’s ratio and shear 
modulus of the laminated glass, respectively. 
        4) The principal stresses of the laminated glass can be calculated based on the total 
stresses. 
 
4.2.2 Finite element modeling 
    In this research, the dynamic response of the laminated glass is also studied using 
the finite element software ANSYS. The laminated glass is discretized by the four-node 
shell element SHELL181. 280 elements are used for discretization.  
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    SHELL181 element is suitable for analyzing thin to moderately shell structures, 
including composite shells and sandwich constructions [10, 11].  
    The following figure shows the geometry of this element. 
 
J
K
L
Z
X
Y
I
 
 
Figure 4.2 SHELL181 geometry [10] 
(I, J, K and L are nodes) 
 
 
    The shell section commands of the SHELL181 element allow for sandwich structure 
definition. Options are available for specifying the thickness, material, orientation and 
number of integration points through the thickness of sandwich structure layers (Fig. 4.3).  
 
 
Figure 4.3 Shell section page 
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    Materials properties obtained from mechanical tests and blast constants (Po,  and 
tp) obtained from blast curve fitting are used as inputs in the finite element modeling.  
 
4.3 Results and discussions 
4.3.1 Midpoint deflection 
    The dynamic response, in terms of the midpoint deflection, of the laminated glass 
under the medium intensity blast loading is predicted using the new numerical mode and 
the finite element model, respectively. The experimentally measured result is compared 
with the numerical modeling result and the finite element modeling result (Fig. 4.4). 
From this figure, it can be seen that both the numerical modeling result and the finite 
element modeling result match well with the experimentally measured result, especially 
in predicting the peak deflection. However, the discrepancy is more apparent during the 
unloading phase. The discrepancy between the experimentally measured result and the 
analytically predicted results (finite element modeling result and numerically modeling 
result) may be caused by the neglect of the composite interlayer’s plastic deformation and 
the strain rate effect on mechanical properties in the modeling.  
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Figure 4.4 Midpoint deflection comparison  
 
    Since both the numerical model and the finite element model can describe the 
dynamic response of the laminated glass, both models are used to study the midpoint 
maximum principal stress history of the laminated glass as it is an important criterion for 
determining whether a laminated glass fails when subjected to a blast loading [6].  
 
4.3.2 Midpoint maximum principal stress history 
        Fig. 4.5 and Fig. 4.6 demonstrate the midpoint maximum principal stress history of 
the inner glass surface (pressure impact surface) and outer glass surface (pressure non-
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01 0.011
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
Time (s)
D
ef
le
ct
io
n
 (
in
ch
)
 
 
Finite element modeling result
Numerical modeling result
Experimental result
117 
 
impact surface), respectively. The blue line in these figures represents the finite element 
model calculated result and the red line represents the numerical model calculated result. 
From Fig. 4.5, it can be observed that for the inner glass surface, the maximum 
compression stresses calculated using the finite element model and the new numerical 
model are close and approximately 45 MPa. But the calculated maximum tensile stresses 
are a little different. The result calculated using the finite element model is around 60 
MPa and the result calculated using the numerical model is around 45 MPa. From Fig. 
4.6, it can be observed that for the outer glass surface, the maximum tensile stress 
calculated using the finite element model is around 105 MPa and the tensile stress 
calculated using the numerical model is around 95 MPa. The maximum compression 
stress calculated using the finite element method is around 45 MPa and the compression 
stress calculated using the numerical model is around 25 MPa. On the whole, the 
numerical modeling results match with the basic variation of the finite element modeling 
results. However, there is a variation of about 10-20% in the prediction of the peak 
principle stress values between the two methods. Since the tensile strength of tempered 
glass is usually higher than 175 MPa and its compressive strength is much higher than its 
tensile strength [12-15], the fabricated laminated glass is expected to survive when 
subjected to the medium intensity blast loading. This has been proven by the field testing 
result.   
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Figure 4.5 Midpoint maximum principal stress history of the inner glass surface  
 
      
          
         Figure 4.6 Midpoint maximum principal stress history of the outer glass surface  
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        The midpoint deflection and maximum principle stresses of the laminated glass with 
PVB interlayer can also be predicted using the new numerical model and the finite 
element model by setting the interlayer properties to the properties of PVB. Young’s 
modulus and Poisson’s ratio of PVB are 100 MPa and 0.448, respectively [16]. When 
subjected to the medium intensity blast loading used in this chapter, the midpoint 
deflections of the laminated glass with the composite interlayer and the laminated glass 
with PVB interlayer are plotted in Fig. 4.7 (results obtained from the new numerical 
model. Results obtained from the finite element model are similar, so not shown here). 
From Fig. 4.7, it can be observed that compared with the same configuration laminated 
glass with the composite interlayer, the maximum deflection of the laminated glass with 
PVB interlayer is larger. The midpoint maximum principal stresses of the inner surface 
and the outer surface are plotted in Fig. 4.8 and Fig. 4.9, respectively. These figures 
demonstrate that the midpoint maximum principal stresses (inner surface and outer 
surface) of the laminated glass with PVB interlayer are larger than those of the laminated 
glass with the composite interlayer. These results means the laminated glass with PVB 
interlayer is more likely to fail when both laminated glasses subjected to the same 
intensity blast loading.  
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Figure 4.7 Comparison of midpoint deflections under the medium intensity blast loading 
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Figure 4.8 Comparison of midpoint maximum principal stresses (inner surface)  
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Figure 4.9 Comparison of midpoint maximum principal stresses (outer surface)  
 
 
4.4 Summary 
        The dynamic response of the fabricated laminated glass under a medium intensity 
blast loading is studied using a new numerical model and a finite element model. The 
predicted result, either using the numerical model or the finite element model, agrees well 
with experimentally measured result. 
    Stress analysis shows the fabricated laminated glass can survive when subjected to 
the medium intensity blast loading. This has been proven by the field experimental result. 
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blast, the laminated glass with fiber-reinforced composite interlayer performs better than 
the same configuration laminated glass with PVB interlayer. In other words, to reach the 
same protection effect, the laminated glass with the composite interlayer can be 
fabricated thinner and lighter. 
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CHAPTER 5 CONCLUSIONS AND FUTURE WORK 
  
    In this research, a transparent glass fiber-reinforced polyester composite has been 
developed. The transparent glass fiber-reinforced composite was fabricated by matching 
the refractive index of the polyester matrix with that of glass fibers. The light 
transmittance of the composite varies with light wavelength and can reach up to a 
maximum of 74.5% for a wavelength of 600 nm. Different tests have been used to 
determine the properties of the composite. Tensile test was used to find Young’s 
modulus, Poisson’s ratio and Shear modulus. J-integral test was used to find the fracture 
toughness. 
    The transparent composite developed was used to fabricate a novel blast-resistant 
laminated glass. The dynamic response of the fabricated laminated glass under blast 
loading was tested using a Blast Load Simulator. The dynamic response is also 
analytically investigated using model-based method and finite element method. The 
model-based analysis is conducted based on two numerical models. The equations of 
motion of two models are partial differential equations. In order to solve these equations, 
Galerkin method is used to change these equations to nonlinear ordinary differential 
equations and these nonlinear ordinary differential equations are solved using Runge-
Kutta method in MATLAB. After obtaining the solutions of these equations, the dynamic 
response of the fabricated laminated glass is characterized. The finite element analysis is 
performed using the commercial finite element software ANSYS. The analytically 
calculated results (results obtained from the model-based analysis and the finite element 
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analysis) are compared with the experimentally measured results. Comparison results 
show that analytically calculated results match well with the experimentally measured 
results, which proves the validity of the developed numerical models and the finite 
element model. Stress analysis of the fabricated laminated glass shows that a 3/8 inch 
thick laminated glass panel can survive when subjected to both medium and high 
intensity blast loading and compared with the same configuration laminated glass with 
PVB interlayer, it has better blast resistance.  
    To sum up, a novel laminated glass has been fabricated. The dynamic response of 
the fabricated laminated glass under blast loading has been investigated. Though a lot of 
work has been devoted to the fabrication and study of this laminated glass, this laminated 
glass could be further improved through some modifications and further study as 
suggested below: 
    1) More transparent composite interlayer. Though the developed glass fiber-
reinforced composite interlayer has good transparency, the transparency of the composite 
interlayer can be further increased, like increasing to more than 80% at any wavelength in 
the visible light region. One possible way to further increase the transparency of the 
composite interlayer is to find new chemical additives to further reduce the refractive 
index difference between glass fibers and the polyester matrix. 
        2) Better laminated glass fabrication method. Presently, the laminated glass panels 
are fabricated using the hand lay-up technique. This technique is the simplest one to 
fabricate the laminated glass. This technique requires minimal investment in molds but is 
not suitable for mass production. Also this technique may introduce air bubbles at the 
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interfaces between the composite interlayer and glass sheets during lamination, which can 
reduce the transparency of the laminated glass. Therefore, a better technique is needed for 
the potential mass production. 
    3) More precise numerical model. The numerical models developed are good for 
predicting the dynamic response of the fabricated laminated glass under blast loading. 
But there are still gaps between the experimentally measured results and the predicted 
results. The discrepancy may be caused by the neglect of the composite interlayer’s 
plastic deformation and the strain rate effect on mechanical properties in the modeling. If 
the plastic deformation and the strain rate effect are considered in the modeling, a more 
precise numerical model can be established and thereby, the dynamic response of the 
laminated glass under blast loading can be predicted more precisely. 
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APPENDIX A 
        The procedures for converting equation (3.11) to a second-order ordinary 
differential equation are shown below 
     
    - /
(A.1)
1- / e p
xxxx yyyy xxyy
t t
o p
Mw A w w B C w P t
P t P t t

    

 
 
 
 
where M is the unit area mass of the laminated glass, A, B and C are constants, Po is the 
peak pressure of a blast loading,   is a constant and tp is the positive pressure duration 
time of the blast. By using double Fourier expansion, Po can be expanded as 
1 1
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 , where mnP  is an unknown function, m and n are positive 
integers, a and b are the length and width of the laminated glass, respectively [1]. 
Similarly, w, which is the thickness direction displacement component, can be expanded 
as  
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where  ''mnW t  is the second-order derivative of  mnW t  in respect of time t. 
        Substitute , , , ,o xxxx yyyy xxyyP w w w w  into equation (A.1), equation (A.1) can be rewritten 
as 
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        Simplify equation (A.2) and get 
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        In equation (A.4), 
mnP  is the only unknown coefficient. If the value of mnP  can be 
obtained, equation (A.4) can be solved using Euler’s method.  The unknown coefficient 
mnP  can be obtained through following procedures proposed by Timoshenko [1, 2]: 
        Since, 
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        Equation (A.5) can be rewritten as 
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        Similarly, multiply equation (A.6) by 0
0
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 , where m0 is an arbitrary integer 
number, obtains 
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        Still according to the identity principle, 
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        Integrate equation (A.9) and get the value of 
mnP  
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when m, n=1, 3, 5.... 
        Substitute the value of 
mnP  into equation (A.4), 
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        As mentioned previously, equation (A.10) can be solved using Euler’s method. 
After getting the values of time function  mnW t , w, the thickness direction displacement 
component, can be calculated using the equation  
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